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WTTHNERFMBAIZNTVAINEIERATHZET. TAT Y 34 OB IVT
JVIRA 2 UG R L TV 5 (Scheme P13), “ ARG TiX, AU T AT LT Y
HIVINA I =N TGDANE T TN T HE0EICT VT 34 ~MEINT %, D%,
FIMZ LS THEUTFIRET UHNLEEFHMGA I =T VBN PRE IZHS X RINM
W27 aAR TV TFTEHE T, EFAANRA I UK 35 2525, KFEIC
KoTER L= v 7 TR, KRG ET 2 2 & T, REITIRE—#T 2
R-T X BN LFHETE D,

Ir[dF(CF3)ppyl2(dtbbpy)PFg

O
(1 mol %) R! N Ph
1
R%J\O,NYPh + A pge Z(S\r Y
R2 R3 Ph EtOAc, rt., 1h RZR® R4 Ph
blue LED
32 34 35
34 g N « N._Ph
. R3 R .
R — T
R? Fm4 Ph
transient persistent

Scheme P13. JefiiE\lc L AT VA7 D ESF IV IVRA I ALK G

2021 4 Studer HiE, ANV A NUAFA Y LT T UnbAELLEHEMBR TV
TFIOHNEERTAHZET, -7 )T VDOEMITEKH L TW5 (Scheme P14), ¥
BARMIZIE, Ir ADEFR LR e EFE T, WEE L THEB NI A NI AT ALY LT T
> 36, 7137, 7Tk R 38 MW, HFIP HCTHHDEEZ KT 52 LT, =ik
Sy TV T RORNEITT D, ARG TR, ARG Ko TR X7z Ie"$E RS,
BNV AR ATFALVI NS T Y 36 #—E LT DH LT EHEMRVIALTY
TINVBERT B, WIS, EBIOBRO " EHERN, 712 37 ET7AT e R 38 HERKS
NEAI=ZULE—EBETELTAIET, -7 I/ TIAXIATUHNANEL D &S,
FEERIED I"SERNHAT 5, KEIC, BHEMRI I AT O L EHMRa-T X/
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TIXILT AN, PREICEVZBIRNICZ A ) 7452 8T, BRID-T
VT3 BNEMT D, AEINIZEBWT, FTNLRTIVUTHLH Tl ) —)LiEE
KEHWDZ T, AFMSHER L TWVWD,

Ir[dF(CF3)ppyl.
) o [d(CF3)bpy]PFg R’%N,R3
R1...SiMe 2 3 3 mol %
N -G e L
MesSi  SiMes H H” "R* HFIPrt, 12h Si” R* . RZ R
blue LED Me3Si SiM93 H R2 ,R3
36 37 38 39 N +l|\l
H,0 J\ 4
persistent R? N- R3 j\ 2 R
7N k H 4 iminium
1 e g R
s §
MesSi  SiMes transient

Scheme P14. SGER VRO X5 = v 7V v T2 fRiza-T 2 ) 3T DERK

2015 4F Lei B, EHFEMRV T VA NEFH L@l 57— b O-
T F A XY DDA AR Y MR Z#E LT 5 (Scheme P15), 48 fillii& o
BB LY B RTHD PV T a~FIIVRAT 4 VIFEF, T U= b
O-TEFNAFVE 40 LTV —LHEAT 4 FFT R 41 U430 130°C
TSHEMOG S Z & T C-PRATERAEITT 5, ARJSTiE, dfiliic ko o7
V= VR ATZ 4 o AFT K 41 ET V=7 by O-TBF AT L 40 3% 4% —E
TR BT I, VT VAN EALA I 2N TN ERT S, KBS, EHFmMRY
VIV INEA I =N T I HIVOBEMALIC L 0 A U EBMIRIRE T YV VR
WA T T T HI LT, 42 BWAEKT D, ALy 7Y TR 42 B
FRIVEE$ 2% Z L C, ZHERB-7 bARAT 4 A X2 K 43 AL T 5,

CuClI (20 mol %)

AcO. PCy; (20 mol %)  AcO. o o
N C Ac,0 NH O HCl aq. ﬂ\(ﬁ
+  Po - P~ 1 \Ar
RAH H \A{T\r dioxane R1J\( \A,rAr R , Ar
R? 130°C, 5 h R2 R
40 41 42 43
NH :
0 Ac,0 N NH
PN b :
R N__* NAr =Y — R
R2 Ar R2 R2
transient persistent isomerization

Scheme P15. $ifiifLlc K A7V —A s b O-T BTNV AT LD
ofi7 AR AR U ALE

T RIFT TNV (TTF) O—EBFBIZE>TEL D TV WNAFF A NTRHE
MTHDZ ENMEN TS, 1993 4F Murphy 51, TTF Zfiiff s L CHWA Z & T,
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TU—=NANTT V=g KEA~O—BFE B ZES L L Csp’)~T 7R REATEREOG
DBRZEITARII LTV 5D, ¥ Zd Murphy 5 DFIEEFEIT, 2020 FEKE S, ARG EH
MR bR T ch b 7 =/ F 7Y (PTH) W5 Z & T, ~7 0 JG1-KEEH] 44
ERWGIE A1 VR BRI EAR 45 OBLUREER 7 v 2 h v TV v T RSO BTN LT
V% (SchemeP16), ' ARFIETIE, AIHIEHUT T, PTH 7 GREIIIE 7 VAR Bk B8R
~O—EFRBENEZ D, PUREEZE-> T PTH RO T POV F A L TAF T
CHNANERT D, ZZTEHMR PTH T WV F A LEBEMBRTAXLVT 0
IWRNEIRNZ I 0 AT ) 75T HZET, TIVXRNVANLKR=T LEERT D, 2O
TIVFIVANVTR =T BTV T F A MR E LT ~T m R REH 44 & ROST
HZET, TIVFNMAIK 46 DERRT 5,

o PTH (10 mol %)
HX ] LiBF4 (10 mol %) R X\.
h * Rl N — K
O MeCN, r.t., 24 h R2 R3

(X=0,NR, S) R2 R3 o) blue LED
44 45 46 Ph
N
J DR s ase
Ph Ph PTH

CL T . I > e
*t BFs NS R1_<R2 ” R'-(* BF,

ersistent transient R2R® alkyl sulfonium
P ransten carbocation equivalent

Scheme P16. A AR LR TTAMBEC K 2 C(sp®)—~T v TSRO

FT RV TN TA T, HEECEDIEELZETH Y, 1970 480> 5 Shine
HIZE > TEDISERFTEN TN D, P ZOEFMRMHET VNI T4 %215
U720 254 & LT, 2019 4 Ritter HiX, 77 > R LIALERTET L — 2 OfLERR
172 C(sp”)-H BREFRALLUL 2 A LT % (SchemeP17), ¥ HAKMJIZIT, WE L LT
TL—r 47 W, T I T7AFaF T Ly (TET) BLOTFT-S-4 % 2 RE(E
T MU Z G aliRERYE T T I A a R B o F L —T LR A N A T &
F=hUNWHTRIGSHEDZ ET, MLERIRNZ CH 77 0 F L AL #EIT L, %
TLHLFT M= LR 48 #5225, KOS TIE, TFT-S-AF ¥ RO M) 7vdur
TF RN BAE LT TFT UhFA 0B, Tr—r & —E T T 5 & T, EFEm
RTFT SUHNHF AL T L= T DABFAUNFEETL, S s o
UHIVINEREAS L e Rl el e h AL ERTTF T b L= A 48 DNERL
T5H, HONT-F T b L= A AT 2 OEB A B A EOGS0 B 15 To il i 5t 4k
HRZATT 2 & T, 227 L—r O C-H BREHE(LK 49 28K LT\ 5,
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TFT (1-3 mol %)

TFT sulfoxide, (CF5CO),0 + transition metal
/@ HBF,*OEt, /O/TFT catalysis /©/FG
R MeCN R BF,~ photoredox R
0°C-rt,1-24 h catalysis
47 48 49

J e e

.
47 F
TFT? - TP — OLH TFT
R

SET persistent R™+

Scheme P17. 7 > b L AL ZRRIZT L — 2 ONLEERIRA 72 C(sp®-H B HEIEAL e

A i SCAE

FRD L HIZ, PRED K 5727 U NOREHREZIGEH LT USKEHI LD, 7
TV 5 FMRAGIET 5 2 & T, RN OB EERE LB T 5,
LU BHMRT O HNAOLEEMITRTZICZ UL EATREZ ) T EH ICHIR N & 5,
Fo KR E LT, TV HIAIS DI D 7= DR D DI e L 72 %
EBREBEAVDGZENTRTH D, TORD, Fift il fe a0 EBRICH T T, &%
EEEHWRWT Oh DA - HIHENC K DT AT RO OB N EE TH D,

TORIRERERE 2 KR L TR, TV OREARN R ETE T LT AR il
BB CRA LB TT AR X D8R0 T A BASOS OBRRICIR D MAATE (B —F b8 =
), T2, TUMNDOEENNENIBLENG, U HLA~DT VX IVT T AN
JEOFIEI~EIEH Lz (FUE), ZHODOKISIZE D, 28T VR VAN EH LT
BHED OB R WS T2 AR TE, AEBRICBWTEER Fsp® OEWHIT-727 I LA
— ADPAHEER LTz,

B N~NT ORI LD T V) L= A
O BV = VDA R

B TIX, N-~T a2 (NHC) 7Tk RbIBKT D= 77— il
Breslow A SEDEFMRr FNLT P INEFERTHZET, 7T R 50, 7L
781, o7 BEHINVR=IV 52 DRy TV I K B8 VAR =L 53
AL Z % L7z (Scheme P18), * ASJiix, 1) =/ 7 — M Breslow F{AN Ha-
TREDNVRZNNASAO—EFBE), 2) EUTET VXNV TOHNDT IV o ~DEI,
3) Nk > THEUZIREZET P v L Breslow TRIKHE RO EFHMLr FLo oL
DITIZIAN~FT T INT T T NI TN AR TTEITL TV D &
Lz oD, KFETIH., TAFALRETAIE LTE "Hha-7 2T AT L0071 F
7 NEEHTE, A LD S CHINRIRSE 26T MR- NIV =1%
—R|HERET L ENARETH D,
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o NHC 5mol %) o o
052003

DCM
3 R4
R3 R 60 °C, 8 h R? R*R

(X =0, NR)
50 51 52 53
l T — Rr
+

O
JJ\ +R2/\+Br

R H R

o SN
- o/ 7\ Clo,~
O 52 0] R2X e S N XR 4 Pr
RVS/\S/) —._ o -/%ka R1/>ﬁ\/) R2 R3 R4 NHC
3 R4 N
Ar/N R° R A
enolate form of ~ SET persistent transient

Breslow int.

Scheme P18. NHC fiiffiiz L5 ) L—pekE 2 1% 7=
8- R LR =L DA

B AR bR e S SENGE A VAR VR A W a7 B VAR =L D
7V IS

BRI, BAHEEHEEAEHATAZ L Ta-7r AR =LDO—EFETICE - T
LA FNTIHNANEFMTIIINERVELZ 2R L, £ LT, PREICE
S AR TABCR E VD Z & TUIBRA VAR U 54 Lo VR =L
55 ORUREEN 7 v 271 v 7 7 OO BAFEIZHKE) L 72 (Scheme P19), > ATl
AR S 7 R LR STARBE SRR R I VAR R 54 La-r R AIVER= L 55 &
Kx—EIRIL BT H, TO%, BURFEBIZEVECTERFEGRT LI LT VAN E
FFHier FNT N0, PREICEVIEBRINICI 0 A v 7Y o 74252 & THITL
TWBEEZLND, RFETIE, H - OE ISR VAR CiEea-T 2 BB
TRSI, SR EES T VXVERLEZE T Ha-B KX LR =/L 56 OAEH
ARETH D,

o o 4CzIPN (10 mol %) ¢ OH
R! XRS Cs2C0s R! XRS
OH * R4

DMSO, rt., 1h N
R2R3 LBl R2R3
= 8 H) blue LED o NG CN

t___wQ;\\?ﬁ%mm___J GDIﬁO‘D

R2

(0]
transient persistent 4CzIPN

Scheme P19. HHEER LIz oz K Do b VR = ALEW D
i R BRI 7 L % AL S i
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B OCERENI T O L — PR R AV L T Y VRO
=R T VR ARE

BT, MVMEFEN R EN A T 2B BN PR AR U AT ALHE iR
RO Z B L. JCBRENVR T O ) VA2 Z206H%  (RPC: radical-polar crossover) % {1
H LR VRADOF =fk 7 VX AL OB IZEL Y $1A 72, A RPC B Tl
AN T U LIETCA T 4 ==X —Th D N-AF NV b7 = ) F 7 (PTH)
D6 5 ARG VR o BRE AR 58 ~D—E BEINHEIT L. EFM7e PTH 7 ¥
HNHF A ERRBERTT VRN T CHANREAET L, b DT P H LN
PRE |[ZHEADSXHIRNC 7 a0 A TV U 7T LT ANRITF LV EMETHLT
VXV ANTR =T METERT 5, 2 ORI 5600 T CRAE ST VR I F 4 0 FlR
FIEHTHZL T, ZODT XU X LAY MG LR OB L) U HT X
TV 57 OV VRTFFH=ZRT VX IALRIG D HEITTH 2 LA R L7z (Scheme P20),
B ORBNE, 1) JEBEEV T O A VA AR ZE RS IR L 72 VAR T T R~
B VR TFORBEKE, 2) B LIER AR T L0 5 OBk, 2R TH#EITL T
LHEEZOND, RFERIZEY | HERIETIIARIREE R EE O =T L F Lk Ak
it T AT )L 59 BRERTX D,

TIPSO Me PTH TIPSO

K@,Base @gN 09 K@, Base

. o) A
Ph (.j 0 LiBF, 0o
_P * R! N 1 _PZ
NC\)\O ~o %O MeCN/DCM R o
O _Base R2R3 o} 10°C, 18 h R2 R3 O.__Base
blue LED

AcO AcO
57 58 59
| |
H
PTH* 58 PTH™ /LR RUPTH™ O 9 o YN
- > /‘_/
LBF, -CO,  BF; R? RORS BFs- RUCRS0 by
— LiNPhth , ' A
SET persistent transient alkyl sulfonium phosphonium

carbocation equivalent
Scheme P20. YCEXENEL T 0 77 Lk A2 74 215 L 7=
BT VXNV AR R = AT VDOERK

FlUE AIXSVTLRAFFIA FPEHWET ALY AVULEYDOERK

B TIL, ZHRMEY CADRETH LA IV VT LARARTA MEEHRT L Z
LT, BEREBEBRERXZETHT ALY (VLAY O G RIEDOBRRITRE L7z
(Scheme P21), ARFIETIE, 1) AHOCERALE LM & NRIIIE 2 VAR > Wi E A 58
EHWIEAIZ Y YT LRZARFA b 59 QPRI T VX WAL £ % C(sp)-
PG, 2) UV (V)DREERKIL (SsP(V): nucleophilic substitution at

phosphorus(V)) 12X 5% P-X (X= ~7Trji+f : HBE, EF. 7vH) BEEK, &
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W) TEBEORBE AR D, AMKINCEBWT, A XYV g AEHEKIT, RAKRTA b
RIEA~DTNNFNVTZHNVDMINZ IV ECDHERART =T AR RIKD L E
b L O C(sp®)-P %éﬁﬁﬁiﬁi 61 L:iﬂ”‘é SNP(V)JiﬁS 2B 5 RAF72 iR & LT
HEET 5, ATFIEIC U (VISR B8 =f D 7 L F L EE &k 2 7ps
T a R E R — 2 %Aﬂ‘é Mﬁf ETH Y . NEKIETITIERR DS K 822 It
7Ly o (VIEEY 62 #HEETX T,

0 Ph  3CzCIIPN (2 mol %) o) o}

o] -P LiBF, b HX-R* .
R17%J\ N " E}Eotol \r/f/i aceto:e RXPSIIET - R1><P\;(0Et
0 e : R? R® SWP(V)  RzReT R

2 R3 e _ 20°C,16h
R*R 0 BF, blue LED (Im = |m|dazoI|um)
58 60
77N Ph EtO OEtPh
L R® EtO-P~ N+
R1 / =
<R2 EtOM IJ R2 R3 N /
¢ -BF, Me” g,
radical addition stabélize;:l phosph;ranyl O N N O
radical intermediate
& ¢ &

3CzCIIPN

Scheme P21. - 2 &V U U AR AFRFTA FEHWET VX LY A(VIEEW DAL
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B NA~TOaEBRINUBC 270D L—na vz
&4 NI NAR=Z VDA

B —Hi %ﬁ%?ki@@%ﬁﬁ

8- N AT VL, BIEIRBRILIISERTT 7 N oo T 7 ¥ A~DOR G 72 Hans wf
%T%D\mﬁwmwéﬁﬁﬁmfhéo;@ioﬁ&&%iZTwéﬁwﬁﬁ%&7
Ta—F L LT NA ABERNTZr T o I NAT X — LD =)V b ~OHFE
MG 8 % (Figure1-1), ' L2cL, T AT ADofIZHEIRREZ AT D XL 9 728-47
F T AT VAL, IRFB-RBER DTS B W TR IENE L D 2 &L INEET
HoT,

OSi

0 Lewis acid 9 9

R3

1ﬂ\/ + \%\ OR? —_— R1WJ\OR2
R R4 R3 R4

vinyl ketones ketene silyl acetals J-ketoesters

Figure 1-1. -7 h = A7 )L DHER DG L

2018 4 Dai B, BURFEFLERT 58-7 N AT VO T2/ AmiEE LT,
il LB 7 v 7)) — VORBRERIEE “fhoa- T2 EFETATLED T T RAT
TV TR ERE LTS (Figure 1-2), * RFEIL, FURRBF LEHT 5H8-7
NT AT NVOFERREGRIETH D0, WEERONES NOHIRRH -7,

CuCl (10 mol %)
o L1 (20 mol %)

y B iProNH, KI Q Q Ph Ph
+ r 4 _— 1 4
HO™ R X OR MeCN R R2R3OR 7 N\ \
R°R 80 °C, 10-12 h =N N=
cyclopropanols a-bromoesters d-ketoesters L1

Figure 1-2. $ifiiic L 52 7 v 7 a3 ) — VOB Z R =fha-7 1ET AT /L
Lt aRIpy 7Y T RO

EHOFTBHIIEE Gl No~nT e by (NHC) fillliic L 2 EHKT LT K&
B =MAR R VARV BER SR TH DV Ny 7 AR AT A E W2 V) L
—HEIC L DT D FIILT VXTI E RS LTS (Figure 1-3), 3 A&
FOSTIE, £ NHC EBEFRT VT B RSN 7 T — Ml Breslow HH{A
Mo L Ry 7 AEET AT A~O—EFBEINEE 5 Z & T, Breslow HRIIAH kD 7
FINT N EBRBRZRRTT VN T P HIVINERT D, E LTI T o0
MAFT Lo ~T AL, F D% AN K> THEUTZR TV T U0 & Breslow
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RS ROEHFMAL T TFINT HNNT I HIN-FG N T TV oI5 LT
TIVERIT VAR H.2 50 RFEX, T o ~EZRT VS E 7 VIR Z AT
EEIRPICEAT S Z ENARETH Y | BERGE T HWTICE 2 N k% —ZRI2HE
%‘(\\% 50

0 NHC (5 mol %) o)
JCJ)\ ~ (0] Cs,CO3 (10 mol %)
R N &RZS RAH/Y
R" "H (0] DMSO R2 RO R4 S /N\@

(e} R5 R4 80°C,4h
: ClO4~ jpr
aldehydes alkenes redox-active esters ketones
J organocatalyzed radical relay ‘
o
RCONHP! . Rs RN L
S o @ R
~Ar — Nphth
enolate form of SET radical addition radical-radical coupling
Breslow int.

Figure 1-3. NHC fllitic X5 7 ) L —E AR T=-T Vv ir o o
BTV T LR IVT UL

% ZC. ARNHC fESOSRIZBWT, TAFAREBFAELTL Ry 7 AIEET X
TNLORDOVIZa-T T AT VEHND Z LT, @EWe-7 h AT VORI E
FIBICE x5 B 27 (Figure 1-4), o-7 BET AT UL, T FTFA (VAT
7 ))TF L (E°% = —0.78 Vvs SCE in MeCN) (2L » T —EHE TSN, T 5D
IRFBT HNDERTHZENMBENTWD, ' ZD7=d, =/ F— I Breslow F1H
I (E°%x= —1.38 Vvs SCE in MeCN) ° b D —EFBENNKES ST L, NHC filtffic
K70 L—HEICEHTE A EE 2B,

o O NHC 0] 0}
1JJ\ + RZ/\ + Br%J\ORs _— > R1WJ\OR5
R H R3 R4 R2 R3 R4
aldehydes alkenes a-bromoesters O-ketoesters
J organocatalyzed radical relay ‘
CO,R5
O RIRe RN
s Ay AORs &%W M
<\/N\ “Br RoRe R2 R®R*
Ar
enolate form of SET radical addition radical-radical coupling

Breslow int.

Figure 1-4. NHC filt#ti2 1% 7 U H L U L —HE & 88 7-8-77 b = AT LAk
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B UGS O Ror s KO i H & O FEt

FREOEEMGRIZESE, NHC filillc L5 7 v T e REoa-7 B ET AT LA W
T DETIT IVFRNNT VIS DRRET 21T > 72, B O SR % i, 3
RUAT VT E R la, AF L 2a BEQa-7 @€ A7)V 3a % NHC HiFMATH 5
it & D F7 > ) 7 A N1 B MBS EREDRBEE S 7 AOFET, Y7/7ra
2 60 CTRILNSHETEZ A, ZRnhy TV THEEMTHH6-7 = AT L
4aaa ZHINERTH 272 (Table 1-1, entry 1), ZOFE, BlIEME L T1a & 3a D " jk
ST THEEMTH D7 b AR 5aa bV EBARKR L=, BIAERY 5aa 13, a-7 12
FTLATIV 3a D—EIBILICE S TELET VI BRREFHTHLZH, 2a ~D
Z ALY Breslow FRUAHKORER I TFNVT O INEDT T IIN—T T
NIy T TN HEITTHZ LT, AL EE X BS, RIZ, NHC fitlfE Ok
H&24To7- (entries2—6), FT7 VU T LABERONy 7 R—VICEEREEREZE S N2 OV
AFI)VER D N3 #3546 4aaa ORI HTHNE T L7= (entries 2 and 3) .
EHELOBMELY 26- A4V T O LT 2= VENSEO/NS WA FIOLIEITEE L
72 N4 2= & Z A @R iEidm B L7228, BRI OIERIIIE T L7z (entry4),
FNUT YU oL NS 04 I XYY UL N6 ZHWVWTZGATIE, nide< #iTe
T HEIY) 4aaa LEIERY) S5aa LSO o7, (entries 5and 6), HEH L LT, &
et D LAORDOVICKRBAIY) VALY T 70y 5% (DBU: 18-
Diazabicyclo[5.4.0]-7-undecene) % 7= & Z A, Tk v 7V UK 5aa BB
(25272 (entries7and8), Z L., =/ 7— b Breslow Ff{kDO N o7 o Z—ThF 4
ARG DRIV B A 5.2 5 2 EDURB ST, I E LT, Y AF VALK
X RRTE =MD XD 72mhim w2 O 2R TliE, 8- = A7 /1 d4aaa 1T
RINKRIZE FE -T2~ FH T, 7 b7 k77 0 2HWE5GE, PREOIET 4aaa %
5.2 7= (entries 9-11),

Table 1-1. )i 550 fiql

N1 (5 mol %) O o}
0 Br C92Me o O, (1.1 equiv.) CO,Me CO,Me
Ph)J\H PR+ \© T Ph + Ph
0
60 °C, 8 h Ph 0 0
1a 2a 3a 4aaa 5aa

entry change from standard conditions  yield of 4aaa (%)” yield of 5aa (%)”

1 none 74 22
2 N2 instead of N1 60 20
3 N3 instead of N1 64 24
4 N4 instead of N1 45 6
5 NS instead of N1 0 0
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6 N6 instead of N1 1 0

7 K>COs instead of Cs2CO; 26 56
8 DBU instead of Cs2COs 14 67
9 DMSO instead of DCM 31 64
10 MeCN instead of DCM 22 63
11 THF instead of DCM 55 14

Me Me
=\ . A = Y—=( , iRr

iPr
+
i YL o S VL
CIO4~ jpr ClO4~ jpr ClOs P/
N1 N2 N3

iy S LT o
ClOs e ¢ Clos we © Clo,
N4 N5 N6

“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), 3a (0.3 mmol), N1 (5 mol %), Cs>COs3 (0.22
mmol), DCM (400 uL), 60 °C, 8 h. *"H NMR yield based on 1a.

B o mEsit a2 i, REEAGHORMNEIT 72, £, HFEET LT E R 1
ZRiatL7= (Table 1-2), /XTI AT NI, A RIS AFILF A HED K 978
EMEEL RN Y 70 F 0 A R VERL N 7 A u AF RO X ) BRI A
HIDEEFHET VT e ROBHANAEETHY ., BO =Ko h v 70 71K 4 % BT
72T 2 72 (4baa—dfaa) , B4R AL Z B W TRIGR & 72 0 #55 C(sph)—~H
FURER EAT HIEE THMER S BOLMBHEIT LT (4gaa—diaa), XTLIET TR L,
A BN EBRIEE BT HHEERT VT & ROFAINT djaa), fich, BV DU0F
FT7 2 T Tl W TeAT a EFESR R DIEN -T2 2-F 7 T LT B RHAR
B FTRE T d - 7= (4dkaa—4naa),
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Table 1-2. 7 /L7 b ROk

N1 (5 mol %) o) Q ;
0 Br. SOMe s co, (1.1 equiv.) CO,Me =\ LA
1J'J\ + Ph/\ + \© T R1 S\7N
R H o Ph 0  clof

60°C,8h Pr
1 2a 3a 4 N1
(0] O (0]
Me Ph o MeO Ph o] MeS Ph (¢}
4baa, 58%° 4caa, 46%" 4daa, 63%
o 0} (o]
Ph o Ph (0] M
F4CO FsC F Ph ©
4eaa, 58% 4faa, 57% 4gaa, 69%
] 0} 0
CO,Me CO,Me
M M MeOWe
cl Ph o Br Ph O Ph o}
4haa, 76% 4iaa, 77% 4jaa, 49%
O 0 o) 0}
COyMe CO,Me CO,Me CO,Me
X A S
| \ \
N/ Ph 9] S Ph o 0 Ph (0] Ph o]
4kaa, 64% 4laa, 75% 4maa, 37% 4naa, 77%

“Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), 3a (0.3 mmol), N1 (5 mol %), Cs,CO; (0.22
mmol) DCM (400 pL), 60 °C, 8 h. °N1 (10 mol%) was used.

WIZ, a-TBEDNVR=ALEY 3 OfRFta{T>7- (Table1-3), ARG TiE, ¥4
FNER T FNVEEH/ T H IR OFENURRFE L2 FZLEEOEANRARETH Y | 3
T 58-7 T AT AR EZ BEBINERTH -2 7~ (4aab and 4aac), F72. T AT /LDofLIZ
I T FNIERLL I R F IR RT U UBRO K D A RBRINIRF IR AT
LIBENHR SN (4daad4daag), I HIZ, ARG TlEa-72E7 I RHEHATE, 6-
FRT 2 ROBENARETHoToy PAFAT IV, BRI, T T FaA V¥
UV UHETHEEOBEANARETH Y, xHET56-7 b7 X REE RAFRINETEH 2 /-
(4aah—daaj), BIEEOFERWNT 2 N E2FFOT7T =Y FREHWEEATYH, MR < ]S
NEEIT L7 (4aak), F72. o-7 2 /BRI F FHKDa-70E7 I R T
7= (4aal and 4aam) ,



Table 1-3. o- 7 & & 7 LR = WALE Y O]

R1 R2 60 OC, 8h Ph R1 R2 CIO4_ il
1a 2a 3 4

0 N1 (5 mol %) e} 0 Q Pr
(0] Cs,CO3 (1.1 equiv.) w N\ o+
Br S__N
e By SRS g
o )J\H Ph X Dom Ph X o r
1

P
N

0 0 0 Q 0
CO,Me
ph/ﬂ\T/ij(COZEt P S R Ph/ﬂ\T/A\f:j;
Ph Ph Ph Ph Ph

4aab, 79% 4aac, 70% 4aad, 46% 4aae, 71%
O (0]
CO,Me CO,Me Q Q
Ph Ph phWN/
Ph Ph NBoc Ph |
4aaf, 70% 4aag, 83% 4aah, 62%"
(0] O (0] O 0 0
IO e N LAO.eH
Ph L_o Ph Ph H
4aai, 47%"P¢ 4aaj, 57%°° 4aak, 61%P
(0] O O (0] H
N COoM
PhWNACOZEt PhWN/\H/ 2Vie
H H
Ph Ph (0]
4aal, 39%°¢ 4aam, 33%

“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), 3 (0.3 mmol), N1 (5 mol %), Cs,CO; (0.22
mmol), DCM (400 pL), 60 °C, 8 h. “2a (0.6 mmol) was used. ‘MeCN (400 uL) was used instead
of DCM (400 uL).

BT, AF L UEERET LTz, (Tablel-4), X2 B U8 BT 3,5- A F /LS p- A
R FTR DA ED LD BT GMEE AT IATF LR WG E
TlL, BRID =371 7V v 7R % BAF I TH-2 7= (4aba—4ada), £7=. p iz
TaekOX o a BT HEE THRELR S KIS EIT LT (4aea) , S 512,
13-R_R S VF XY= NRF AT 2 VBO L) RAT BT 7 LU BAEETAT L
FUbHEHATE, 7Dl IS OEBEEF T 58-7 F T AT VK ERERT S
Z LN TE 72 (4afa—4aha),
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Table 1-4. 7L/ OFaEf @

0 Br. CO2Me Cs,CO3 (1.1 equiv.) CO,Me =\ A
)J\ + R O+ ————>  Ph SN
60°C, 8h R o  ClOs jpr
1a 2 3a 4 N1
(@] O (0]
0 com CO,Me CO,Me CO,Me
o 2Mie Ph Ph Ph
(0] (0] (0]
(0]
Me Me OMe OBn Br
4aba, 62% d4aca, 62% 4ada, 77% 4aea, 59%
(0]
(6] COZMe
COsMe o Ph
Ph CO,Me o
0 Ph O
ST ©
O J—
-0
4afa, 60% 4aga, 62% OMe  4aha, 65%

“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), 3 (0.3 mmol), N1 (5 mol %), Cs,CO; (0.22
mmol), DCM (400 uL), 60 °C, 8 h.

o H HEE RS

AP DOHETE BOCERE A LU T3 (Figure 1-5) . ABUGS O+ 7 vix, 745
E R 1 &ENHCHBHIERK S 15 Breslow FREA A OIERUZ X - THtm I 5, & D%,
REEE 7 AT KD Breslow HER A Ofi~7m hAkIZ I D, BVETL 2 H 5=
/7 — h Breslow FfKk B 2Bk 5, ZO=/7—hF B bHo- 7 RENILHR=
V3 ~NDO—EBIBENCLY, ZNENTTNVT AN C ETIVXLTUhL D RE
KT Dy ZORAELIETIVXNLT I D DAF L2 2 ~OMINZ L - T, 3 fkx
VIONT AN E BNELD, T mEBIC BHEMRTTFLT NI C EEEMRNY
WTTHINE DTIAN-T T ANT TV T ERELS NHC ORBLEEZ LY, BHIDS-
R ANVER =R 4 NERR L, NHCIZROfES A 7 v ~EFHESN D,
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Figure 1-5. £ SOCEEAE

SEDURG e

NHC ftic kA7 LT e REFE =fha- 72 E 2TV EZHWN=T L7 u
TIVRILT A OR & B LT, ARBOSIE. = /7 F— h Breslow FEAN Ho-7 &
FTTLATNAD—BIBEINEESE LT PN ) L — AR CHEIT T 5, ARG T
I, -7 B EFET RATNURETThR<a-7ET 2 RLEATE, X7F FiEEE2 51028k
708-r N7 X ROMELAIREL LTz, AFIEICED, = AT 0T I ROoLIZEH UK
REFDEAGT HEMERS b IV = AL S DRI IR B R & R LTz,
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1. Instrumentation and Chemicals

NMR spectra were recorded on a INM-ECS400, operating at 400 MHz for '"H NMR and 100.5
MHz for *C NMR, and JINM-ECA600, operating at 600 MHz for "H NMR and 150.9 MHz for
3C NMR. Chemical shift values for 'H and *C are referenced to MesSi and the residual solvent
resonances, respectively. Chemical shifts are reported in 6 ppm. DART-Mass spectra were
measured with JIMS-T100TD (JEOL Ltd.). FAB-MS spectra were measured with JMS-700 (JEOL
Ltd.). TLC analyses were performed on commercial glass plates bearing 0.25-mm layer of Merck
Silica gel 60F2s4. Silica gel (Kanto Chemical Co., Silica gel 60 N, spherical, neutral) was used for
column chromatography. IR spectra were measured with a Thermo Scientific iD7 ATR Accessory
for the Thermo Scientific Nicolet iS5 FT-IR Spectrometer. Melting points were measured on a
Yanaco MP-500D apparatus.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained
from commercial suppliers or prepared according to standard procedures unless otherwise noted.
K>CO3 and DBU were purchased from Tokyo Chemical Industry Co., stored under nitrogen, and
used as received. Cs,COs was purchased from FUJIFILM Wako Pure Chemical Co., stored under
nitrogen, and used as received. DCM, DMSO and THF were purchased from FUJIFILM Wako
Pure Chemical Co., stored under nitrogen, and used as received. MeCN was purchased from
Kanto Chemical Co., stored under nitrogen, and used as received. Thiazolium salt N1-N4 were
prepared by the reported procedure.' Triazolium salt N5* and imidazolium salt N6® were prepared
by the reported procedure. Aldehydes 1a, 1¢, 1h and 1i were purchased from Nacalai Tesque Inc.,
1b, 1g, 1j and 1n were purchased from FUJIFILM Wako Pure Chemical Co., 1d, 1e, 1f, 1k, 11
and 1m were purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as
received. Alkene 2a was purchased from FUJIFILM Wako Pure Chemical Co., distilled before
use. Alkenes 2b—2h were prepared by Wittig reaction from the corresponding aldehydes. a-
Bromoesters 3a, 3¢-3g were prepared by the reported procedure. a-Bromoester 3b was
purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received. a-

Bromoamides 3h-3m were prepared by the reported procedure.””’

2. Characterization Data for a-Bromoesters and o-Bromoamides
Methyl 4-Bromotetrahydro-2H-pyran-4-carboxylate (3a)
Br COsMe
O
3a
3a was prepared by bromination of the corresponding ester with LDA and CBrs (20 mmol
scale; 3.11 g, 70% yield). Brown oil. IR (neat) 1060, 1106, 1131, 1164, 1201, 1263, 1437, 1736

cm'. "H NMR (400 MHz, CDCls) 62.19-2.28 (m, 4H), 3.71-3.76 (m, 2H), 3.82-3.88 (m, SH).
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BC NMR (100.5 MHz, CDCl3) §37.2, 53.1, 58.8, 64.5, 170.8. The spectrum data of 3a was

consistent with that of commercially available one.

Phenethyl 1-Bromocyclobutane-1-carboxylate (3d)

(@)
S~

3d

Ph

3d was prepared by bromination of the corresponding ester with LDA and CBrs (3.7 mmol
scale; 380 mg, 36% yield). Pale yellow oil. IR (neat) 1075, 1118, 1193, 1247, 1287, 1454, 1730
cm™'. "H NMR (600 MHz, CDCl3) §1.80 (m, 1H), 2.17 (m, 1H), 2.57-2.62 (m, 2H), 2.82-2.86
(m, 2H), 3.00 (t, J = 7.2 Hz, 2H), 4.41 (t,J=7.2 Hz, 2H), 7.22-7.25 (m, 3H), 7.30 (t,J = 7.2 Hz,
2H). *C NMR (150.9 MHz, CDCl3) §16.7, 34.8, 37.2, 54.1, 66.3, 126.6, 128.5, 128.9, 137.3,
171.4. HRMS-FAB (m/z): [M+H]" calcd for Ci3H16BrO,, 283.0328; found, 283.0329.

1-(tert-Butyl) 4-Methyl 4-bromopiperidine-1,4-dicarboxylate (3g)

5y CO:Me

NBoc
3g

3g was prepared by bromination of the corresponding ester with LDA and CBrs (20 mmol
scale; 1.88 g, 56% yield). Brown solid. M.p. 63—-66 °C. IR (neat) 1057, 1121, 1165, 1236, 1366,
1418, 1694, 1738 cm ™. "H NMR (600 MHz, CDCl;) §1.46 (s, 9H), 2.06-2.10 (m, 2H), 2.19—
2.22 (m, 2H), 3.36-3.39 (m, 2H), 3.70-3.78 (m, 2H), 3.83 (s, 3H). *C NMR (150.9 MHz, CDCl;)
5284, 36.3, 40.6, 53.2, 60.4, 80.0, 154.5, 170.8. HRMS-FAB (m/z): [M+H]" calcd for
C12H21BrNOy, 322.0648; found, 322.0648.

2-Bromo-1-[3,4-dihydroisoquinolin-2(1H)-yl]-2-methylpropan-1-one (3j)
O
3
3j was prepared by reaction of 2-bromoisobutyryl bromide and amine (6 mmol scale; 1.68 g,
99% yield). White solid. M.p. 59-61 °C. IR (neat) 1106, 1164, 1248, 1281, 1369, 1425, 1633 cm™

'.'H NMR (400 MHz, CDCls) 52.01 (s, 6H), 2.94-2.96 (m, 2H), 4.01 (brs, 2H), 4.87 (brs, 2H),
7.13-7.21 (m, 4H). ®C NMR (150.9 MHz, CDCL:) 528.7 (x 3C), 32.6, 57.0, 126.4, 126.4 (x 2C),
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126.7, 128.6, 133.0, 169.4. HRMS-DART (m/z): [M]" calcd for Ci3H;sBrNO, 281.0410; found,
281.0401.

Ethyl (2-Bromo-2-methylpropanoyl)glycinate (31)

o)
Br%NACOZEt
H
3

31 was prepared by reaction of 2-bromoisobutyryl bromide and amine (5 mmol scale; 1.03 g,
82% yield). Brown oil. IR (neat) 1019, 1113, 1185, 1373, 1520, 1659, 1740 cm™'. "H NMR (400
MHz, CDCl3) 61.30 (t, J= 7.2 Hz, 3H), 1.98 (s, 6H), 4.04 (d, J = 4.8 Hz, 2H), 4.24 (q, J=7.2
Hz, 2H), 7.21 (brs, 1H). ®C NMR (100.5 MHz, CDCl;) §14.1, 32.3, 42.1, 61.6, 61.7, 169.4,
172.2. HRMS-FAB (m/z): [M+H]" calcd for CsHisBrNOs, 252.0230; found, 252.0254.

Methyl (2-Bromo-2-methylpropanoyl)glycylalaninate (3m)

0 H
B N CO,M
r%u“g Yoo

3m

3m was prepared by reaction of 2-bromoisobutyryl bromide and amine (1.5 mmol scale; 427
mg, 92% yield). Pale yellow oil. IR (neat) 1114, 1158, 1211, 1371, 1453, 1523, 1651, 1741 cm™".
'"H NMR (400 MHz, CDCl3) §1.43 (d, J = 6.8 Hz, 3H), 1.98 (s, 6H), 3.75 (s, 3H), 4.03-4.04 (m,
2H), 4.59 (m, 1H), 7.01 (brs, 1H), 7.49 (brs, 1H). *C NMR (100.5 MHz, CDCl;) §18.1, 32.1,
43.6,48.1, 52.5, 60.9, 167.9, 172.5, 173.1. HRMS-FAB (m/z): [M+H]" calcd for CioH;sBrN,Os,
309.0444; found, 309.0451.

3. Procedure for Synthesis of 6-Ketocarbonyls

The reaction in Table 1-1, entry 1 is representative. Thiazolium salt N1 (4.0 mg, 0.01 mmol)
was placed in a schlenk tube containing a magnetic stirring bar. The vial was sealed with a
Teflon™-coated silicon rubber septum, and then the vial was evacuated and filled with nitrogen.
Degassed DCM (400 pL) was added to the vial. Next, benzaldehyde 1a (20.3 pL, 0.2 mmol),
styrene 2a (45.9 pL, 0.4 mmol) and a-bromoester 3a (66.9 mg, 0.3 mmol) were added. Then,
Cs2COs (71.7 mg, 0.22 mmol) was added. After 8 h stirring at 60 °C with oil bath, the reaction
mixture was treated with saturated NH4Cl aqueous solution (400 pL), then extracted with
diethylether (4 times) and dried over sodium sulfate. After filtration, the resulting solution was
evaporated under reduced pressure. After volatiles were removed under reduced pressure, flash

column chromatography on silica gel (98:2-80:20, hexane/EtOAc) gave 4aaa (52.2 mg, 0.15
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mmol) in 74% yield.

1.0 mmol scale reaction. Thiazolium salt N1 (20.0 mg, 0.05 mmol) was placed in a schlenk tube
containing a magnetic stirring bar. The vial was sealed with a Teflon"-coated silicon rubber
septum, and then the vial was evacuated and filled with nitrogen. Degassed DCM (2.0 mL) was
added to the vial. Next, benzaldehyde 1a (102 pL, 1.0 mmol), styrene 2a (229 uL, 2.0 mmol) and
a-bromoester 3b (220 pL, 1.5 mmol) were added. Then, Cs;COs (358 mg, 1.1 mmol) was added.
After 8 h stirring at 60 °C with oil bath, the reaction mixture was treated with saturated NH4ClI
aqueous solution (2.0 mL), then extracted with diethylether (4 times) and dried over sodium
sulfate. After filtration, the resulting solution was evaporated under reduced pressure. After
volatiles were removed under reduced pressure, flash column chromatography on silica gel
(Biotage Selekt, 98:2—75:25, hexane/EtOAc) gave 4aab (204 mg, 0.63 mmol) in 63% yield.

4. Characterization Data for 6-Ketocarbonyls
Due to the difficulty of purification, ketone 4aab was isolated as the corresponding alcohol

4aab’ by treating the crude ketone with NaBH4 followed by column chromatography.

Methyl 4-Benzoyltetrahydro-2H-pyran-4-carboxylate (5aa)

o}
CO,Me
Ph
o)

5aa

The product 5aa was purified by flash chromatography on silica gel (98:2-80:20,
hexane/EtOAc) (Table 1-1, entry 1; 10.9 mg, 0.044 mmol, 22% isolated yield). Pale yellow oil.
IR (neat) 1078, 1107, 1137, 1198, 1253, 1447, 1683, 1735 cm™'. '"H NMR (600 MHz, CDCl5)
02.24-2.26 (m, 4H), 3.67-3.71 (m, 5H), 3.78-3.81 (m, 2H), 7.43 (t,J= 7.8 Hz, 2H), 7.54 (t, J =
7.8 Hz, 1H), 7.82 (d, J = 7.8 Hz, 2H). *C NMR (150.9 MHz, CDCl3) §31.9, 52.8, 55.4, 64.2,
128.5, 128.7, 132.9, 135.5, 173.5, 196.6. HRMS-DART (m/z): [M]" calcd for Ci4sH;cO4,
248.1043; found, 248.1043.

Methyl 4-(3-Oxo-2,3-diphenylpropyl)tetrahydro-2H-pyran-4-carboxylate (4aaa)

O
CO,Me
Ph
Ph (0]
4aaa

The product 4aaa was purified by flash chromatography on silica gel (98:2-80:20,
hexane/EtOAc) (Table 1-1, entry 1; 52.2 mg, 0.15 mmol, 74% isolated yield). White solid. M.p.
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90-92 °C. IR (neat) 1107, 1138, 1195, 1298, 1447, 1597, 1682, 1724 cm™". "H NMR (400 MHz,
CDCls) 51.49-1.58 (m, 2H), 1.90 (dd, J = 14.4, 3.6 Hz, 1H), 2.06-2.17 (m, 2H), 2.85 (dd, J =
14.4, 8.8 Hz, 1H), 3.27-3.43 (m, 2H), 3.51 (s, 3H), 3.78-3.84 (m, 2H), 4.74 (dd, J = 8.8, 3.6 Hz,
1H), 7.18 (m, 1H), 7.23-7.29 (m, 4H), 7.38-7.42 (m, 2H), 7.49 (m, 1H), 7.93-7.95 (m, 2H). *C
NMR (150.9 MHz, CDCl) §34.3, 34.9, 44.1, 44.8, 48.4, 51.8, 65.3, 65.4, 127.2, 128.2, 128.6,
128.6, 129.0, 133.0, 136.4, 139.6, 175.5, 198.6. HRMS—-DART (m/z): [M]" calcd for CarHasOs,
352.1669; found, 352.1662.

Methyl 4-[3-Oxo-2-phenyl-3-(p-tolyl)propyl]tetrahydro-2H-pyran-4-carboxylate (4baa)

O
Me Ph (0]

4baa

The product 4baa was purified by flash chromatography on silica gel (97:3-88:12,
hexane/EtOAc) (Table 1-2; 45.4 mg, 0.12 mmol, 62% isolated yield). White solid. M.p. 79-81 °C.
IR (neat) 1107, 1138, 1195, 1297, 1446, 1606, 1678, 1724 cm™'. "TH NMR (400 MHz, CDCl;)
01.47-1.58 (m, 2H), 1.89 (dd, J = 14.4, 3.6 Hz, 1H), 2.05-2.17 (m, 2H), 2.35 (s, 3H), 2.84 (dd,
J=14.4,8.4 Hz, 1H), 3.27-3.42 (m, 2H), 3.51 (s, 3H), 3.78-3.83 (m, 2H), 4.71 (dd, /= 8.4, 3.6
Hz, 1H), 7.15-7.20 (m, 3H), 7.22-7.28 (m, 4H), 7.85 (d, J = 8.0 Hz, 2H). *C NMR (150.9 MHz,
CDCl3) 621.6, 34.3, 34.9, 44.0, 44.8, 48.2, 51.8, 65.3, 65.4, 127.1, 128.1, 128.8, 129.0, 129.3,
133.8, 139.8, 143.8, 175.5, 198.1. HRMS-DART (m/z): [M]" caled for C23H2604, 366.1826;
found, 366.1827.

Methyl 4-[3-(4-Methoxyphenyl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4caa)
MeO Ph 0

4caa

The product 4caa was purified by flash chromatography on silica gel (98:2-84:16,
hexane/EtOAc) (Table 1-2; 34.4 mg, 0.09 mmol, 45% isolated yield). Colorless oil. IR (neat)
1031, 1168, 1245, 1446, 1510, 1600, 1673, 1725 cm™'. "H NMR (400 MHz, CDCl;) §1.47-1.57
(m, 2H), 1.89 (dd, /J=14.4, 3.6 Hz, 1H), 2.04-2.16 (m, 2H), 2.84 (dd, /= 14.4, 8.4 Hz, 1H), 3.27-
3.42 (m, 2H), 3.52 (s, 3H), 3.78-3.82 (m, 5H), 4.68 (dd, J=8.4, 3.6 Hz, 1H), 6.87 (d, /=9.2 Hz,
2H), 7.17 (m, 1H), 7.23-7.28 (m, 4H), 7.94 (d, J = 9.2 Hz, 2H). *C NMR (100.5 MHz, CDCl;)
034.3, 349, 44.1, 44.8, 48.0, 51.8, 55.4, 65.3, 65.4, 113.8, 127.0, 128.1, 129.0, 129.3, 130.9,
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140.0, 163.4, 175.5, 197.0. HRMS-DART (m/z): [M]" calcd for Ca3H260s, 382.1775; found,
382.1778.

Methyl 4-{3-[4-(Methylthio)phenyl]-3-oxo0-2-phenylpropyl}tetrahydro-2H-pyran-4-

O
MeS Ph (0]

4daa

carboxylate (4daa)

The product 4daa was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
84:16, DCM/MeOH) (Table 1-2; 50.2 mg, 0.13 mmol, 63% isolated yield). White solid. M.p. 86—
88 °C. IR (neat) 1094, 1139, 1193, 1245, 1445, 1588, 1674, 1724 cm™". '"H NMR (400 MHz,
CDCls) 61.47-1.56 (m, 2H), 1.88 (dd, J = 14.4, 3.6 Hz, 1H), 2.04-2.17 (m, 2H), 2.47 (s, 3H),
2.85(dd, J=14.4, 8.8 Hz, 1H), 3.28-3.41 (m, 2H), 3.52 (s, 3H), 3.79-3.83 (m, 2H), 4.68 (dd, J
=8.8,3.6 Hz, 1H), 7.16-7.28 (m, 7H), 7.86 (d, J = 8.8 Hz, 2H). *C NMR (150.9 MHz, CDCl;)
014.7, 343, 34.9, 44.0, 44.8, 48.1, 51.8, 65.3, 65.4, 125.0, 127.2, 128.1, 129.0, 129.1, 132.6,
139.7, 145.9, 175.5, 197.5. HRMS-DART (m/z): [M]" caled for C23H2604S, 398.1546; found,
398.1548.

Methyl 4-{3-Oxo-2-phenyl-3-[4-(trifluoromethoxy)phenyl]propyl}tetrahydro-2H-pyran-4-

0
0
CF30 Ph

4eaa

carboxylate (4eaa)

The product 4eaa was purified by flash chromatography on silica gel (98:2-80:20,
hexane/EtOAc) (Table 1-2; 50.6 mg, 0.12 mmol, 58% isolated yield). Colorless oil. IR (neat)
1107, 1162, 1206, 1251, 1447, 1601, 1685, 1723 cm™'. "H NMR (400 MHz, CDCl3) 51.48-1.58
(m, 2H), 1.88 (dd, /= 14.4, 3.2 Hz, 1H), 2.04-2.18 (m, 2H), 2.86 (dd, /= 14.4, 8.4 Hz, 1H), 3.28—
3.42 (m, 2H), 3.54 (s, 3H), 3.80-3.84 (m, 2H), 4.68 (dd, /= 8.4, 3.2 Hz, 1H), 7.20-7.30 (m, 7H),
7.98 (d, J=9.2 Hz, 2H). *C NMR (100.5 MHz, CDCl3) §34.4,34.8,44.1,44.8,48.5,51.8, 65.3,
65.4, 120.2 (q, Jor = 259.3 Hz), 120.3, 127.4, 128.1, 129.2, 130.6, 134.6, 139.2, 152.4, 175.5,
197.0. HRMS-DART (m/z): [M]" calcd for C23H23F30s, 436.1492; found, 436.1492.
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Methyl 4-{3-Oxo-2-phenyl-3-[4-(trifluoromethyl)phenyl]propyl}tetrahydro-2H-pyran-4-

0]
CF Ph o

3

carboxylate (4faa)

4faa

The product 4faa was purified by flash chromatography on silica gel (98:2-84:16,
hexane/EtOAc) (Table 1-2; 47.9 mg, 0.11 mmol, 57% isolated yield). White solid. M.p. 70-72 °C.
IR (neat) 1067, 1110, 1130, 1169, 1324, 1447, 1690, 1724 cm™'. "H NMR (400 MHz, CDCl;)
01.48-1.58 (m, 2H), 1.88 (dd, J = 14.4, 3.6 Hz, 1H), 2.05-2.20 (m, 2H), 2.88 (dd, /= 14.4,9.2
Hz, 1H), 3.27-3.42 (m, 2H), 3.54 (s, 3H), 3.80-3.84 (m, 2H), 4.72 (dd, J = 9.2, 3.6 Hz, 1H),
7.18-7.22 (m, 3H), 7.26-7.30 (m, 2H), 7.66 (d, J = 8.4 Hz, 2H), 8.02 (d, J = 8.4 Hz, 2H). *C
NMR (150.9 MHz, CDCl3) 634.4, 34.8, 44.0, 44.7, 48.8, 51.9, 65.3, 65.4, 123.5 (q, Jor = 273.1
Hz), 125.7 (q, Jcr = 3.0 Hz), 127.5, 128.1, 128.9, 129.3, 134.1 (q, Jc—r = 33.2 Hz), 138.8, 139.2,
175.5, 197.6. HRMS-DART (m/z): [M]" caled for Co3Ha3F304, 420.1543; found, 420.1540.

Methyl 4-[3-(4-Fluorophenyl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4gaa)
(@]
CO,Me

4gaa

The product 4gaa was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
84:16, hexane/EtOAc) (Table 1-2; 51.1 mg, 0.14 mmol, 69% isolated yield). White solid. M.p.
79-81 °C. IR (neat) 1107, 1139, 1156, 1234, 1506, 1597, 1683, 1724 cm™'. "H NMR (600 MHz,
CDCls) 61.49-1.56 (m, 2H), 1.88 (dd, J = 13.8, 3.6 Hz, 1H), 2.06 (m, 1H), 2.15 (m, 1H), 2.85
(dd,J=13.8,9.0 Hz, 1H), 3.30 (m, 1H), 3.39 (m, 1H), 3.53 (s, 3H), 3.79-3.82 (m, 2H), 4.68 (dd,
J=9.0, 3.6 Hz, 1H), 7.05-7.08 (m, 2H), 7.18-7.22 (m, 3H), 7.26-7.28 (m, 2H), 7.95-7.98 (m,
2H). “C NMR (150.9 MHz, CDCl;) §34.4,34.8,44.1, 44.8, 48.4, 51.8, 65.3, 65.4, 115.7 (d, Jc-
r=21.1 Hz), 127.3,128.1, 129.1, 131.3 (d, Jcr = 9.1 Hz), 132.8 (d, Jcr = 3.0 Hz), 139.4, 165.6
(d, Jer = 253.5 Hz), 175.5, 197.0. HRMS-DART (m/z): [M]" caled for CH3FOs, 370.1575;
found, 370.1577.
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Methyl 4-[3-(4-Chlorophenyl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4haa)
o Ph o]

4haa

The product 4haa was purified by flash chromatography on silica gel (Biotage Selekt, 96:4—
80:20, hexane/EtOAc) (Table 1-2; 58.8 mg, 0.15 mmol, 76% isolated yield). White solid. M.p.
110-113 °C. IR (neat) 1093, 1201, 1219, 1296, 1445, 1588, 1674, 1709 cm™'. "H NMR (600 MHz,
CDCl;) 61.48-1.56 (m, 2H), 1.87 (dd, J = 14.4, 3.6 Hz, 1H), 2.05-2.17 (m, 2H), 2.85 (dd, J =
14.4,9.0 Hz, 1H), 3.28-3.41 (m, 2H), 3.52 (s, 3H), 3.79-3.83 (m, 2H), 4.67 (dd, /= 9.0, 3.6 Hz,
1H), 7.18-7.21 (m, 3H), 7.26-7.28 (m, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.87 (d, J = 8.4 Hz, 2H).
BC NMR (150.9 MHz, CDCl3) §34.4,34.8,44.0,44.8,48.4,51.8,65.3,65.4,127.3,128.1, 128.9,
129.2,130.0, 134.7, 139.3, 139.4, 175.5, 197.3. HRMS-DART (m/z): [M]" calcd for C22H23ClO4,
386.1279; found, 386.1275.

Methyl 4-[3-(4-Bromophenyl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4iaa)
O
Br Ph o]

4iaa

The product 4iaa was purified by flash chromatography on silica gel (Biotage Selekt, 96:4—
79:21, hexane/EtOAc) (Table 1-2; 66.4 mg, 0.15 mmol, 77% isolated yield). White solid. M.p.
108-110 °C. IR (neat) 1071, 1139, 1196, 1223, 1446, 1584, 1683, 1724 cm™'. "H NMR (400 MHz,
CDCls) 61.46-1.57 (m, 2H), 1.87 (dd, J = 14.4, 3.2 Hz, 1H), 2.04-2.18 (m, 2H), 2.85 (dd, J =
14.4, 8.8 Hz, 1H), 3.27-3.42 (m, 2H), 3.52 (s, 3H), 3.78-3.84 (m, 2H), 4.66 (dd, J= 8.8, 3.2 Hz,
1H), 7.17-7.21 (m, 3H), 7.25-7.29 (m, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H).
BC NMR (150.9 MHz, CDCl3) §34.4,34.8,44.0,44.8,48.4,51.9,65.3,65.4,127.4,128.1,128.2,
129.2,130.1,131.9, 135.2, 139.2, 175.5, 197.5. HRMS-DART (m/z): [M]" calcd for C2oH23BrOs4,
430.0774; found, 430.0773.
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Methyl 4-[3-(3-Methoxyphenyl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4jaa)
9 CO,M
MeO 2\ie
Ph (0]

4jaa

The product 4jaa was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
80:20, hexane/EtOAc) (Table 1-2; 37.5 mg, 0.10 mmol, 49% isolated yield). Colorless oil. IR
(neat) 1138, 1196, 1262, 1430, 1448, 1596, 1683, 1725 cm™'. "H NMR (600 MHz, CDCl;) 5 1.48—
1.56 (m, 2H), 1.91 (dd, J=14.4, 3.6 Hz, 1H), 2.07 (m, 1H), 2.14 (m, 1H), 2.83 (dd, J=14.4, 8.4
Hz, 1H), 3.30 (m, 1H), 3.40 (m, 1H), 3.52 (s, 3H), 3.79-3.83 (m, 5H), 4.71 (dd, /= 8.4, 3.6 Hz,
1H), 7.03 (d, J=7.2 Hz, 1H), 7.18 (t, J = 7.2 Hz, 1H), 7.23-7.28 (m, 4H), 7.31 (m, 1H), 7.45 (s,
1H), 7.54 (d, J= 7.2 Hz, 1H). ®C NMR (100.5 MHz, CDCl;) §34.3,34.9, 44.1, 44.8, 48.5, 51.8,
55.4,653,65.4,113.2,119.3,121.2,127.2,128.2,129.1,129.6, 137.8, 139.6, 159.8, 175.5, 198.4.
HRMS-DART (m/z): [M]" caled for C23H260s, 382.1775; found, 382.1778.

Methyl 4-[3-Oxo0-2-phenyl-3-(pyridin-3-yl)propyl]tetrahydro-2H-pyran-4-carboxylate
(4kaa)

4kaa

The product 4kaa was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
82:18, DCM/MeOH) (Table 1-2; 45.2 mg, 0.13 mmol, 64% isolated yield). White solid. M.p.
102-104 °C. IR (neat) 1154, 1196, 1255, 1308, 1440, 1583, 1678, 1721 cm™"."H NMR (400 MHz,
CDCl;) 61.48-1.59 (m, 2H), 1.89 (dd, J = 14.0, 3.6 Hz, 1H), 2.06-2.19 (m, 2H), 2.86 (dd, J =
14.0, 8.8 Hz, 1H), 3.27-3.43 (m, 2H), 3.53 (s, 3H), 3.81-3.84 (m, 2H), 4.69 (dd, /= 8.8, 3.6 Hz,
1H), 7.18-7.23 (m, 3H), 7.26-7.30 (m, 2H), 7.35 (dd, J = 8.0, 4.4 Hz, 1H), 8.18 (d, J = 8.0 Hz,
1H), 8.70 (d, J = 4.4 Hz, 1H), 9.15 (s, 1H). *C NMR (150.9 MHz, CDCls) §34.4, 34.8, 43.8,
44.7,49.0, 51.9, 65.3, 65.4, 123.6, 127.5, 128.2, 129.3, 131.7, 135.9, 138.6, 150.0, 153.2, 175.4,
197.4. HRMS-DART (m/z): [M]" calcd for C21H23NOs, 353.1622; found, 353.1625.
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Methyl 4-[3-Oxo0-2-phenyl-3-(thiophen-2-yl)propyl]tetrahydro-2H-pyran-4-carboxylate
(4laa)

4laa

The product 4laa was purified by flash chromatography on silica gel (Biotage Selekt, 96:4—
86:24, hexane/EtOAc) (Table 1-2; 53.8 mg, 0.15 mmol, 75% isolated yield). White solid. M.p.
105-107 °C. IR (neat) 1066, 1107, 1138, 1196, 1413, 1446, 1660, 1724 cm™'. "H NMR (400 MHz,
CDCl;) 61.48-1.57 (m, 2H), 1.93 (dd, J = 14.0, 4.0 Hz, 1H), 2.07-2.15 (m, 2H), 2.79 (dd, J =
14.0, 8.4 Hz, 1H), 3.28-3.43 (m, 2H), 3.52 (s, 3H), 3.79-3.82 (m, 2H), 4.51 (dd, J= 8.4, 4.0 Hz,
1H), 7.07 (dd, J = 4.8, 3.6 Hz, 1H), 7.21 (m, 1H), 7.26-7.29 (m, 4H), 7.58 (dd, J = 4.8, 1.2 Hz,
1H), 7.73 (dd, J=3.6, 1.2 Hz, 1H). ®C NMR (150.9 MHz, CDCls) 634.2, 34.9, 43.8, 44.8, 50.2,
51.8, 65.3, 65.4, 127.3, 128.1, 128.2, 129.0, 132.4, 133.9, 139.6, 143.5, 175.4, 191.4. HRMS-
DART (m/z): [M]" caled for C20H204S, 358.1233 ; found, 358.1228.

Methyl 4-[3-(Furan-2-yl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate (4maa)

0
COZMe
~
\_0 Ph o

4maa

The product 4maa was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
80:20, hexane/EtOAc) (Table 1-2; 25.3 mg, 0.07 mmol, 37% isolated yield). White solid. M.p.
86-88 °C. IR (neat) 1107, 1139, 1155, 1196, 1465, 1566, 1673, 1724 cm™'."H NMR (400 MHz,
CDCl;) 61.48-1.56 (m, 2H), 1.94 (dd, J = 14.4, 4.0 Hz, 1H), 2.06-2.14 (m, 2H), 2.76 (dd, J =
14.4, 8.4 Hz, 1H), 3.28-3.43 (m, 2H), 3.51 (s, 3H), 3.78-3.83 (m, 2H), 4.52 (dd, J= 8.4, 4.0 Hz,
1H), 6.48 (dd, J= 3.6, 1.6 Hz, 1H), 7.18 (d, J = 3.6 Hz, 1H), 7.20 (m, 1H), 7.25-7.30 (m, 4H),
7.55(d,J=1.6 Hz, 1H). *C NMR (150.9 MHz, CDCl3) §34.2, 34.8,43.0,44.7,48.7,51.7, 65.3,
65.3,112.4,117.9, 127.3, 128.3, 128.8, 139.1, 146.5, 152.1, 175.4, 187.6. HRMS-DART (m/z2):
[M]" caled for Co0H220s, 342.1462; found, 342.1469.
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Methyl 4-[3-(Naphthalen-2-yl)-3-oxo-2-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate

(4naa)
9 COZMe

4naa

The product 4naa was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
80:20, hexane/EtOAc) (Table 1-2; 62.0 mg, 0.15 mmol, 77% isolated yield). White solid. M.p.
85-88 °C. IR (neat) 1107, 1124, 1138, 1194, 1446, 1677, 1724 cm™'. "H NMR (400 MHz, CDCl5)
01.51-1.62 (m, 2H), 1.95 (dd, J = 14.4, 3.6 Hz, 1H), 2.10-2.22 (m, 2H), 2.92 (dd, J = 14.4, 8.8
Hz, 1H), 3.29-3.43 (m, 2H), 3.52 (s, 3H), 3.79-3.85 (m, 2H), 4.90 (dd, /= 8.8, 3.6 Hz, 1H), 7.17
(m, 1H), 7.24-7.32 (m, 4H), 7.50-7.59 (m, 2H), 7.81-7.84 (m, 2H), 7.93 (d, /= 7.8 Hz, 1H), 8.00
(d, J=7.8 Hz, 1H), 8.47 (s, 1H). ®C NMR (150.9 MHz, CDCl3) §34.4, 34.9, 44.1, 44.8, 48.5,
51.8, 65.3, 65.4, 124.4, 126.7, 127.2, 127.7, 128.2, 128.46, 128.49, 129.1, 129.7, 130.3, 132.4,
133.7, 135.5, 139.7, 175.5, 198.5. HRMS-DART (m/z): [M]" caled for CasH04, 402.1826;
found, 402.1830.

Ethyl 5-Hydroxy-2,2-dimethyl-4,5-diphenylpentanoate (4aab’)

OH

Ph/\/><002Et

Ph

4aab’

The product 4aab’ was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
75:25, hexane/EtOAc) (Table 1-3; 51.6 mg, 0.16 mmol, 79% isolated yield in 2 steps, dr >99:1).
Colorless oil. IR (neat) 1029, 1136, 1191, 1387, 1453, 1475, 1723 cm™'. "H NMR (400 MHz,
CDCl3) 60.94-1.03 (m, 9H), 1.69 (m, 1H), 1.92 (s, 1H), 2.09 (m, 1H), 2.95 (m, 1H), 3.49 (m,
1H), 3.65 (m, 1H), 4.64 (d, J= 8.4 Hz, 1H), 7.20-7.34 (m, 10H). *C NMR (100.5 MHz, CDCl;)
013.8,24.8, 26.7, 41.4, 42.1, 50.8, 60.1, 78.8, 127.0, 127.1, 127.8, 128.2, 128.3, 129.4, 140.7,
142.2, 177.3. HRMS-DART (m/z): [M]" calcd for C21H,603, 326.1876; found, 326.1875.

Ethyl 2,2-Diethyl-5-0x0-4,5-diphenylpentanoate (4aac)

O

o CO,Et
Ph

4aac
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The product 4aac was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
89:11, hexane/EtOAc) (Table 1-3; 49.3 mg, 0.14 mmol, 70% isolated yield). Colorless oil. IR
(neat) 1030, 1128, 1191, 1235, 1448, 1597, 1683, 1721 cm™'. "H NMR (400 MHz, CDCl;) §0.72—
0.78 (m, 6H), 1.12 (t, J = 7.2 Hz, 3H), 1.48-1.72 (m, 4H), 1.97 (dd, J = 14.4, 4.0 Hz, 1H), 2.78
(dd, J=14.4, 7.6 Hz, 1H), 3.83 (m, 1H), 3.96 (m, 1H), 4.66 (dd, J = 14.4, 7.6 Hz, 1H), 7.17 (m,
1H), 7.23-7.30 (m, 4H), 7.39 (t, J = 7.2 Hz, 2H), 7.48 (t, J = 7.2 Hz, 1H), 7.95 (d, J = 7.2 Hz,
2H). ®C NMR (100.5 MHz, CDCl3) 68.0, 8.1, 14.1, 25.5, 26.8, 38.7, 49.1, 49.3, 60.1, 126.9,
128.3, 128.5, 128.6, 128.8, 132.8, 136.7, 140.1, 176.5, 199.1. HRMS-DART (m/z): [M]" calcd
for C23H2303, 352.2033; found, 352.2032.

Phenethyl 1-(3-Oxo0-2,3-diphenylpropyl)cyclobutane-1-carboxylate (4aad)
0

0
0
Ph \—\
Ph Ph

4aad

The product 4aad was purified by flash chromatography on silica gel (100:0-90:10,
hexane/EtOAc) (Table 1-3; 38.0 mg, 0.09 mmol, 46% isolated yield). Colorless oil. IR (neat)
1029, 1104, 1173, 1319, 1447, 1597, 1680, 1719 cm™". '"H NMR (400 MHz, CDCl;) §1.69-1.86
(m, 3H), 1.93 (m, 1H), 2.16 (m, 1H), 2.29-2.41 (m, 2H), 2.77-2.83 (m, 3H), 3.96 (m, 1H), 4.14
(m, 1H), 4.54 (t, J= 6.4 Hz, 1H), 7.14-7.28 (m, 10H), 7.36 (t, J= 7.2 Hz, 2H), 7.46 (t, J="7.2
Hz, 1H), 7.90 (d, J = 7.2 Hz, 2H). ®C NMR (150.9 MHz, CDCl;) §15.7, 30.4, 31.0, 34.9, 41.4,
47.3,50.3, 64.8, 126.5, 127.1, 128.37, 128.44 (x 2C), 128.7, 128.8, 128.8, 132.8, 136.4, 137.8,
139.2 176.7, 199.1. HRMS-DART (m/z): [M]" caled for CosH2503, 412.2033; found, 412.2035.

Ethyl 1-(3-Oxo-2,3-diphenylpropyl)cyclopentane-1-carboxylate (4aae)

o)
CO,Et
Ph%
Ph

4aae

The product 4aae was purified by flash chromatography on silica gel (99:1-95:5,
hexane/EtOAc) (Table 1-3; 49.8 mg, 0.14 mmol, 71% isolated yield). Colorless oil. IR (neat)
1030, 1121, 1185, 1366, 1448, 1597, 1683, 1720 cm™'. "H NMR (400 MHz, CDCl3) §1.11 (t, J
=7.2 Hz, 3H), 1.40-1.48 (m, 2H), 1.51-1.63 (m, 4H), 2.04 (m, 1H), 2.14-2.20 (m, 2H), 2.77 (dd,
J=14.0, 7.2 Hz, 1H), 3.80 (m, 1H), 3.95 (m, 1H), 4.67 (dd, J= 7.2, 4.8 Hz, 1H), 7.16 (m, 1H),
7.23-7.29 (m, 4H), 7.38 (t,J = 7.2 Hz, 2H), 7.47 (t,J = 7.2 Hz, 1H), 7.94 (d, J= 7.2 Hz, 2H). *C
NMR (100.5 MHz, CDCls) 614.0, 24.3, 24.4, 35.6, 37.0, 42.3, 50.9, 54.1, 60.4, 127.0, 128.4,
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128.5, 128.6, 128.8, 132.8, 136.6, 139.8, 177.2, 199.4. HRMS-DART (m/z): [M]" calcd for
C23H2603, 350.1876; found, 350.1874.

Methyl 1-(3-Oxo-2,3-diphenylpropyl)cyclohexane-1-carboxylate (4aaf)

O
COZMe
Ph
Ph

4aaf

The product 4aaf was purified by flash chromatography on silica gel (99:1-96:4,
hexane/EtOAc) (Table 1-3; 49.1 mg, 0.14 mmol, 70% isolated yield). White solid. M.p. 69-71 °C.
IR (neat) 1132, 1199, 1216, 1447, 1597, 1681, 1721 cm™'. "TH NMR (600 MHz, CDCl3) §1.15—
1.25 (m, 4H), 1.31 (m, 1H), 1.55-1.58 (m, 3H), 1.86 (dd, J = 14.4, 3.6 Hz, 1H), 2.07 (m, 1H),
2.19 (m, 1H), 2.81 (dd, J = 14.4, 8.4 Hz, 1H), 3.47 (s, 3H), 4.75 (dd, J=8.4, 3.6 Hz, 1H), 7.16
(m, 1H), 7.23-7.26 (m, 4H), 7.39 (t, /= 7.8 Hz, 2H), 7.48 (t, /= 7.8 Hz, 1H), 7.95 (d, /= 7.8 Hz,
2H). BC NMR (150.9 MHz, CDCl3) §23.2, 23.4, 25.7, 34.3, 35.0, 44.2, 46.9, 48.6, 51.4, 127.0,
128.2, 128.5, 128.7, 128.9, 132.8, 136.6, 140.1, 176.5, 199.0. HRMS-DART (m/z): [M]" calcd
for C23H2603, 350.1876; found, 350.1873.

1-(tert-Butyl) 4-Methyl 4-(3-0x0-2,3-diphenylpropyl)piperidine-1,4-dicarboxylate (4aag)

O
COZMe
Ph
Ph NBoc

4aag

The product 4aag was purified by flash chromatography on silica gel (98:2-80:20,
hexane/EtOAc) (Table 1-3; 54.2 mg, 0.12 mmol, 60% isolated yield). White solid. M.p. 135—
137 °C. IR (neat) 1031, 1107, 1138, 1195, 1447, 1597, 1682, 1724 cm™'. '"H NMR (400 MHz,
CDCl3) 61.34-1.40 (m, 2H), 1.43 (s, 9H), 1.88 (m, 1H), 2.07-2.19 (m, 2H), 2.72 (m, 1H), 2.80—
2.86 (m, 2H), 3.51 (s, 3H), 3.88 (brs, 2H), 4.73 (m, 1H), 7.18 (m, 1H), 7.22-7.28 (m, 4H), 7.40
(t, J=17.6 Hz, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.94 (d, J = 7.6 Hz, 2H). *C NMR (150.9 MHz,
CDCls) 628.4, 33.5, 34.0, 40.8, 41.7, 43.7, 45.6, 48.6, 51.8, 79.5, 127.2, 128.1, 128.6, 128.6,
129.1, 133.0, 136.4, 139.6, 154.7, 175.3, 198.5. HRMS-DART (m/z): [M]" calcd for C27H33NOs,
451.2353; found, 451.2355.
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N,N,2,2-Tetramethyl-5-0x0-4,5-diphenylpentanamide (4aah)
0} O

Ph N
Ph !

4aah

The product 4aah was purified by flash chromatography on silica gel (96:4-80:20,
hexane/EtOAc) (Table 1-3; 33.0 mg, 0.10 mmol, 51% isolated yield). White solid. M.p. 82—84 °C.
IR (neat) 1108, 1214, 1365, 1392, 1447, 1491, 1618, 1678 cm™'. "H NMR (400 MHz, CDCl;)
01.30 (d, J= 5.6 Hz, 6H), 2.03 (dd, J = 14.0, 4.0 Hz, 1H), 2.79 (s, 6H), 2.88 (dd, J = 14.0, 6.8
Hz, 1H), 4.74 (dd, /= 6.8,4.0 Hz, 1H), 7.16 (m, 1H), 7.23-7.30 (m, 4H), 7.36-7.40 (m, 2H), 7.47
(m, 1H), 7.93-7.95 (m, 2H). *C NMR (150.9 MHz, CDCl3) §27.3,27.3, 38.1 (x 2C), 42.5, 43.8,
49.7,126.9, 128.2, 128.5, 128.7, 128.8, 132.9, 136.6, 140.2, 175.6, 199.6. HRMS-DART (m/z):
[M]" caled for C21HasNO», 323.1880; found, 323.1896.

2,2-Dimethyl-1-morpholino-4,5-diphenylpentane-1,5-dione (4aai)

o) o)
PhWN
Ph L_o

4aai

The product 4aai was purified by flash chromatography on silica gel (Biotage Selekt, 95:5—
80:20, hexane/EtOAc) (Table 1-3; 30.0 mg, 0.08 mmol, 41% isolated yield). Colorless oil. IR
(neat) 1035, 1116, 1202, 1267, 1415, 1447, 1625, 1680 cm™'. "H NMR (600 MHz, CDCl;) §1.29
(d, J=4.2 Hz, 6H), 1.99 (dd, J = 14.4, 3.6 Hz, 1H), 2.90 (dd, J = 14.4, 7.2 Hz, 1H), 3.40-3.52
(m, 6H), 3.57-3.60 (m, 2H), 4.73 (dd, J="7.2, 3.6 Hz, 1H), 7.17 (m, 1H), 7.25-7.29 (m, 4H), 7.39
(t, J=17.2 Hz, 2H), 7.48 (t, J = 7.2 Hz, 1H), 7.95 (d, J = 7.2 Hz, 2H). *C NMR (150.9 MHz,
CDCl) 627.1,27.4,42.7,43.8,45.6,49.7, 66.6, 127.1, 128.2, 128.6, 128.7, 129.0, 133.0, 136.4,
140.2, 174.9, 199.6. HRMS-DART (m/z): [M]" caled for C23H,7NO3, 365.1985; found, 365.198]1.

1-[3,4-Dihydroisoquinolin-2(1H)-yl]-2,2-dimethyl-4,5-diphenylpentane-1,5-dione (4aaj)

O (0]
Ph
4aaj

The product 4aaj was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
77:23, hexane/EtOAc) (Table 1-3; 46.9 mg, 0.11 mmol, 57% isolated yield). Colorless oil. IR
(neat) 1109, 1158, 1243, 1366, 1418, 1447, 1622, 1680 cm™'. '"H NMR (400 MHz, CDCl;) §1.32
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(d, J= 2.8 Hz, 6H), 2.08 (dd, J = 14.8, 4.0 Hz, 1H), 2.73-2.83 (m, 2H), 2.94 (dd, J = 14.8, 6.8
Hz, 1H), 3.58 (m, 1H), 3.69 (m, 1H), 4.47-4.58 (m, 2H), 4.75 (dd, J = 6.8, 4.0 Hz, 1H), 7.06—
7.26 (m, 9H), 7.36 (t,J=7.2 Hz, 2H), 7.46 (t,J = 7.2 Hz, 1H), 7.92 (d, J= 7.2 Hz, 2H). *C NMR
(150.9 MHz, CDCl;) 627.2,27.4,28.8,42.9,43.4,44.1,49.8, 126.2, 126.4, 126.5 (x 2C), 127.0,
128.2,128.5 (% 2C), 128.7,128.9,132.9, 133.5, 136.5, 140.2, 175.0, 199.7. HRMS-DART (m/z2):
[M]" calcd for CasH20NO», 411.2193; found, 411.2190.

2,2-Dimethyl-5-0x0-N,4,5-triphenylpentanamide (4aak)

0] 0]

PhWN,Ph
H

Ph
4aak

The product 4aak was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
80:20, hexane/EtOAc) (Table 1-3; 45.3 mg, 0.12 mmol, 61% isolated yield). White solid. M.p.
124-126 °C. IR (neat) 1133, 1240, 1313, 1438, 1500, 1524, 1597, 1679 cm™". "H NMR (400 MHz,
CDCl3) 61.27 (s, 6H), 2.04 (dd, J=14.4,3.6 Hz, 1H), 2.92 (dd, /= 14.4, 8.4 Hz, 1H), 4.81 (dd,
J=8.4,3.6 Hz, 1H), 7.08-7.17 (m, 2H), 7.22-7.37 (m, 9H), 7.43-7.48 (m, 3H), 7.91-7.94 (m,
2H). BC NMR (150.9 MHz, CDCls) §25.8, 26.6, 43.3, 44.6, 50.0, 120.1, 124.3, 127.0, 128.1,
128.5,128.7, 128.9, 129.0, 132.9, 136.5, 137.7, 140.2, 175.1, 199.5. HRMS-DART (m/z): [M]"
caled for C2sH2sNO», 371.1880; found, 371.1877.

Ethyl (2,2-Dimethyl-5-0x0-4,5-diphenylpentanoyl)glycinate (4aal)

0 o}
PhWNACOZEt
Ph

4aal

The product 4aal was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
85:15, DCM/MeOH) (Table 1-3; 29.8 mg, 0.08 mmol, 39% isolated yield). Colorless oil. IR (neat)
1027, 1197, 1374, 1448, 1523, 1648, 1681, 1746 cm™'. '"H NMR (400 MHz, CDCl;) 5§1.17 (s,
6H), 1.30 (t, /= 7.2, 3H), 2.01 (dd, J = 14.4, 4.0 Hz, 1H), 2.78 (dd, J = 14.4, 8.0 Hz, 1H), 3.91
(d, J=5.6 Hz, 2H), 4.23 (q, /= 7.2 Hz, 2H), 4.85 (dd, /= 8.0, 4.0 Hz, 1H), 6.11 (brs, 1H), 7.15
(m, 1H), 7.22-7.26 (m, 2H), 7.30-7.32 (m, 2H), 7.38 (t, /= 7.2 Hz, 2H), 7.47 (t, J=7.2 Hz, 1H),
8.00 (d,J= 7.2 Hz, 2H). *C NMR (100.5 MHz, CDCl3) 5 14.1,25.3,26.7,41.5, 42.3, 44.4, 49.7,
61.5,126.9,128.3, 128.5, 128.8, 128.9, 132.8, 136.6, 140.2, 170.1, 177.2, 199.6. HRMS-DART
(m/z): [M]" calcd for C23H27NO4, 381.1935; found, 381.1934.
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Methyl (2,2-Dimethyl-5-0x0-4,5-diphenylpentanoyl)glycylalaninate (4aam)

o) 0 y
PhWN N. _CO,Me
Ph H/ﬁo( T

4aam

The product 4aam was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
88:12, DCM/MeOH) (Table 1-3; 28.9 mg, 0.07 mmol, 33% isolated yield, dr 1:1). Colorless oil.
IR (neat) 1161, 1213, 1478, 1526, 1643, 1680, 1743 cm™. "H NMR (600 MHz, CDCl3) §1.20
(s, 6H), 1.43 (t, /= 7.2 Hz, 3H), 1.98 (m, 1H), 2.78 (m, 1H), 3.71-3.91 (m, 5SH), 4.56 (m, 1H),
4.81 (m, 1H), 6.39 (brs, 1H), 6.79 (d, J = 7.2 Hz, 0.50 x 1H), 6.87 (d, J= 7.2 Hz, 0.50 x 1H),
7.15 (m, 1H), 7.23-7.29 (m, 4H), 7.38 (t, /= 7.2 Hz, 2H), 7.47 (t, J= 7.2 Hz, 1H), 7.96-7.98 (m,
2H). ®C NMR (150.9 MHz, CDCl3) §18.1, 18.1, 25.4, 25.5, 26.4, 26.5, 42.1, 42.1, 43.2, 43.2,
44.4,44.5,48.2 (x 2C),49.75,49.76, 52.5 (x 2C), 127.0 (x 2C), 128.2 (x 2C), 128.5 (x 2C), 128.7
(x 2C), 128.9 (x 2C), 132.8 (x 2C), 136.6, 136.6, 140.1 (x 2C), 168.6, 168.7, 173.07, 173.14,
177.5,177.6, 199.4, 199.5. HRMS-FAB (m/z): [M+H]" calcd for C,sH31N>Os, 439.2227; found,
439.2220.

Methyl 4-[2-(3,5-Dimethylphenyl)-3-oxo-3-phenylpropyl]tetrahydro-2H-pyran-4-
carboxylate (4aba)
COZMe
Ph
O
Me Me

4aba

The product 4aba was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
80:20, hexane/EtOAc) (Table 1-4; 47.2 mg, 0.12 mmol, 62% isolated yield). White solid. M.p.
70-72 °C. IR (neat) 1108, 1138, 1195, 1298, 1446, 1597, 1683, 1727 cm™'. "H NMR (400 MHz,
CDCls) 61.46-1.58 (m, 2H), 1.81 (dd, J = 14.0, 3.2 Hz, 1H), 2.05 (m, 1H), 2.16 (m, 1H), 2.24
(s, 6H),2.87 (dd, J=14.0,9.2 Hz, 1H), 3.28-3.41 (m, 2H), 3.53 (s, 3H), 3.78-3.83 (m, 2H), 4.66
(dd, J=9.2,3.2 Hz, 1H), 6.81 (s, 1H), 6.83 (s, 2H), 7.40 (t, /= 6.8 Hz, 2H), 7.49 (t,J = 6.8 Hz,
1H), 7.95 (d, J= 6.8 Hz, 2H). *C NMR (150.9 MHz, CDCl3) §21.2, 34.4,34.7, 44.3, 44.8, 48.2,
51.7, 65.3, 65.4, 125.8, 128.5, 128.7, 128.8, 132.9, 136.5, 138.6, 139.5, 175.5, 198.6. HRMS—
DART (m/z): [M]" calcd for C24H2304, 380.1982; found, 380.1975.
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Methyl 4-[2-(4-Methoxyphenyl)-3-oxo-3-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate
(4aca)

CO,Me
Ph
o}

OMe

4aca

The product 4aca was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
80:20, hexane/EtOAc) (Table 1-4; 47.4 mg, 0.12 mmol, 62% isolated yield). White solid. M.p.
60-62 °C. IR (neat) 1031, 1108, 1179, 1251, 1447, 1510, 1683, 1725 cm™'. "H NMR (400 MHz,
CDCls) 61.47-1.57 (m, 2H), 1.89 (dd, J = 14.0, 3.6 Hz, 1H), 2.05-2.17 (m, 2H), 2.80 (dd, J =
14.0, 8.8 Hz, 1H), 3.28-3.42 (m, 2H), 3.52 (s, 3H), 3.73 (s, 3H), 3.79-3.82 (m, 2H), 4.68 (dd, J
= 8.8, 3.6 Hz, 1H), 6.79 (d, J = 8.8 Hz, 2H), 7.15 (d, J = 8.8 Hz, 2H), 7.39 (t, /= 7.2 Hz, 2H),
7.49 (t, J=17.2 Hz, 1H), 7.93 (d, J = 7.2 Hz, 2H). *C NMR (150.9 MHz, CDCl3) §34.4, 34.9,
44.1,44.7,47.5,51.8,55.2, 65.3, 65.4, 114.4, 128.56, 128.60, 129.2, 131.4, 132.9, 136.4, 158.7,
175.5, 198.7. HRMS-DART (m/z): [M]" calcd for C23H260s, 382.1775; found, 382.1775.

Methyl 4-{2-[4-(Benzyloxy)phenyl]-3-0xo0-3-phenylpropyl} tetrahydro-2H-pyran-4-
carboxylate (4ada)
CO,Me
Ph
0
OBn
4ada

The product 4ada was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
80:20, hexane/EtOAc) (Table 1-4; 70.6 mg, 0.15 mmol, 77% isolated yield). Colorless oil. IR
(neat) 1027, 1107, 1177, 1242, 1446, 1508, 1680, 1722 cm™'. "H NMR (600 MHz, CDCl;) 5 1.48—
1.57 (m, 2H), 1.89 (dd, J= 14.4, 4.2 Hz, 1H), 2.07 (m, 1H), 2.13 (m, 1H), 2.79 (dd, J=14.4, 8.4
Hz, 1H), 3.30 (m, 1H), 3.39 (m, 1H), 3.49 (s, 3H), 3.79-3.82 (m, 2H), 4.68 (dd, /= 8.4, 4.2 Hz,
1H), 4.98 (s, 2H), 6.87 (d, J=9.0 Hz, 2H), 7.15 (d, /= 9.0 Hz, 2H), 7.31 (m, 1H), 7.34-7.41 (m,
6H), 7.49 (t, J = 7.2 Hz, 1H), 7.93 (d, J = 7.2 Hz, 2H). ®C NMR (150.9 MHz, CDCl;) §34.4,
34.9,44.1,44.7,47.5,51.8, 65.3, 65.4, 70.0, 115.3, 127.5, 128.0 (x 2C), 128.57, 128.62, 129.3,
131.7, 132.9, 136.5, 136.8, 157.9, 175.5, 198.7. HRMS-DART (m/z): [M]" calcd for C29H30Os,
458.2088; found, 458.2083.
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Methyl 4-[2-(4-Bromophenyl)-3-oxo-3-phenylpropyl]tetrahydro-2H-pyran-4-carboxylate
(4aea)

COZMe
Ph
o

Br

4aea

The product 4aea was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
84:16, hexane/EtOAc) (Table 1-4; 50.9 mg, 0.12 mmol, 59% isolated yield). Colorless oil. IR
(neat) 1011, 1106, 1139, 1196, 1447, 1486, 1683, 1724 cm™'. "H NMR (600 MHz, CDCl3) 6 1.48—
1.55 (m, 2H), 1.87 (dd, J= 14.4, 4.2 Hz, 1H), 2.07 (m, 1H), 2.13 (m, 1H), 2.81 (dd, J=14.4, 8.4
Hz, 1H), 3.30 (m, 1H), 3.39 (m, 1H), 3.52 (s, 3H), 3.79-3.83 (m, 2H), 4.70 (dd, /= 8.4, 4.2 Hz,
1H), 7.12 (d, J = 8.4 Hz, 2H), 7.38-7.42 (m, 4H), 7.51 (t, J= 7.2 Hz, 1H), 7.91 (d, J = 7.2 Hz,
2H). ®C NMR (150.9 MHz, CDCls) §34.3,34.9,43.9, 44.8,47.7, 51.8, 65.2, 65.3, 121.2, 128.6,
128.7, 129.9, 132.1, 133.2, 136.1, 138.5, 175.4, 198.2. HRMS-DART (m/z): [M]" calcd for
C2H23BrO4, 430.0774; found, 430.0783.

Methyl 4-[2-(Benzold][1,3]dioxol-5-yl)-3-0x0-3-phenylpropyl]tetrahydro-2H-pyran-4-
carboxylate (4afa)

COZMe
Ph
o

o)
-0

4afa

The product 4afa was purified by flash chromatography on silica gel (Biotage Selekt, 96:4—
78:22, hexane/EtOAc) (Table 1-4; 47.6 mg, 0.12 mmol, 60% isolated yield). White solid. M.p.
109-112 °C. IR (neat) 1036, 1140, 1195, 1245, 1444, 1486, 1680, 1722 cm™'. "H NMR (400 MHz,
CDCl;) 61.46-1.57 (m, 2H), 1.85 (dd, J = 14.0, 3.6 Hz, 1H), 2.03-2.17 (m, 2H), 2.81 (dd, J =
14.0, 8.8 Hz, 1H), 3.28-3.42 (m, 2H), 3.55 (s, 3H), 3.78-3.84 (m, 2H), 4.64 (dd, /= 8.8, 3.6 Hz,
1H), 5.88 (d, /= 1.4 Hz, 1H), 5.90 (d, /= 1.4 Hz, 1H), 6.69 (s, 2H), 6.72 (s, 1H), 7.41 (t,J=7.2
Hz, 2H), 7.50 (t,J=7.2 Hz, 1H), 7.93 (d, J= 7.2 Hz, 2H). ®C NMR (150.9 MHz, CDCl;) 534.4,
34.8,44.1, 44.8, 47.9 (x 2C), 51.8, 65.3, 65.4, 101.1, 108.3, 108.7, 121.5, 128.6, 133.0, 133.3,
136.4, 146.7, 148.1, 175.5, 198.5. HRMS-DART (m/z): [M]" caled for C3H2406, 396.1567,
found, 396.1576.
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Methyl 4-[3-Oxo0-3-phenyl-2-(thiophen-2-yl)propyl]tetrahydro-2H-pyran-4-carboxylate
(4aga)

CO,Me
Ph

4aga

The product 4aga was purified by flash chromatography on silica gel (Biotage Selekt, 98:2—
80:20, hexane/EtOAc) (Table 1-4; 44.4 mg, 0.12 mmol, 62% isolated yield). White solid. M.p.
102-105 °C. IR (neat) 1107, 1140, 1196, 1234, 1298, 1446, 1684, 1723 cm™'. "H NMR (400 MHz,
CDCl;) 61.47-1.61 (m, 2H), 2.01 (dd, J = 14.4, 3.6 Hz, 1H), 2.04-2.18 (m, 2H), 2.87 (dd, J =
14.4, 8.8 Hz, 1H), 3.29-3.41 (m, 2H), 3.56 (s, 3H), 3.78-3.85 (m, 2H), 5.03 (dd, /= 8.8, 3.6 Hz,
1H), 6.82 (d, J=3.2 Hz, 1H), 6.86 (dd, /=4.8,3.2 Hz, IH), 7.15 (d,J=4.8 Hz, 1H), 7.44 (t, /=
7.6 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.98 (d, J = 7.6 Hz, 2H). ®C NMR (150.9 MHz, CDCl;)
034.4,34.6,42.8,44.6,44.8,51.9, 65.28, 65.34, 125.1, 125.7, 127.1, 128.7, 128.7, 133.2, 135.9,
141.9,175.4,197.3. HRMS-DART (m/z): [M]" calcd for C20H204S, 358.1233; found, 358.1229.

Methyl 4-[2-(6-Methoxynaphthalen-2-yl)-3-oxo-3-phenylpropyl]tetrahydro-2H-pyran-4-
carboxylate (4aha)

CO2Me
<

OMe 4aha

Ph

The product 4aha was purified by flash chromatography on silica gel (Biotage Selekt, 96:4—
76:24, hexane/EtOAc) (Table 1-4; 56.2 mg, 0.13 mmol, 65% isolated yield). White solid. M.p.
107-109 °C. IR (neat) 1030, 1198, 1223, 1392, 1446, 1604, 1681, 1724 cm™". "H NMR (400 MHz,
CDCls) 61.52-1.60 (m, 2H), 1.98 (dd, J = 14.4, 3.6 Hz, 1H), 2.09-2.19 (m, 2H), 2.92 (dd, J =
14.4, 8.8 Hz, 1H), 3.29-3.44 (m, 2H), 3.49 (s, 3H), 3.80-3.83 (m, 2H), 3.88 (s, 3H), 4.86 (dd, J
= 8.8, 3.6 Hz, 1H), 7.05 (d, J = 2.4 Hz, 1H), 7.10 (dd, J = 9.2, 2.4 Hz, 1H), 7.33-7.40 (m, 3H),
7.47 (t,J=17.2 Hz, 1H), 7.58 (s, 1H), 7.65 (dd, J = 9.2, 5.2 Hz, 2H), 7.97 (d, J = 7.2 Hz, 2H). *C
NMR (150.9 MHz, CDCl3) 634.4, 34.9, 44.1, 44.8, 48.3, 51.8, 55.3, 65.3, 65.4, 105.5, 119.2,
126.6, 126.9, 127.7, 128.6, 128.7, 129.0, 129.2, 132.9, 133.6, 134.6, 136.5, 157.8, 175.6, 198.6.
HRMS-DART (m/z): [M]" caled for C27H250s, 432.1931; found, 432.1940.
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5 AMOCER LR SOk & RERIE 1 VAR R A -
a7 NIV =L DT L F AV

EH TS RIS L OMERERGR

BIpD TFREOTPAND I ATy 7Y 7, EEm O ERIEE T 5y 1R of
BIERNC BT dEERFEMRE LTRSS, Lol miEtER T OO K
JIGHIEIXRECH Y . LIEUIEFRED v 7V VTR ORIAENIE E 725, 2 ORIEOSE
PR E LT, FimCik_ 7= RFHmT7 U VR (PRE : persistent radical effect) %I L
TFENRS D, " AR ETEH L RSERFHI LY, Be b RO T U VO3RN /e
JaRIy Y U TREREE D RS TREORATERE N ER I TV
EHDOFBICE ClE, N-~T ai by (NHC) iz X 2 AsihE D VR i
MAKTHLL Ry 7 AEZ AT VA2 WEEFRE T VT v ROMREERL T L3 il
RISEMET LTS (Figure 2D, * ZOLIETHEL NHC &7 AT E R DRHT 5
Breslow FIRMAHED 7 FLTOH N E L Ky 7 ZATEET AT AN SR Z R TET
DT IWVRNVTGIHNDI aRAT TV ZIZE D EREWT bR %E 52 5, Breslow i
FARHSRED 7 F V7 21 VI8 captodative Zh: * 12X W BFHMZ U &720 PRE IZ
LDBIRN2 T O IN-FG P HIN T T ) o TRETLEZEEZDND, $2, 20K
BT FNT I INEIERTHZE T, TV L—RIT L oD T IRFBEREREL
S ~L BB LT\ 5, * 2 C, Breslow HEKANRD 7 F LT 200 EFELL L T-4%
HETHNIIE, captodatlve NEPE Z & TRFEMT VAN ETRD | Filo iy TR~ L

IWHTE 5 EE X,
0 NHC (10 mol %) O
o Cs,CO5 (20 mol %) Q

0
L + N. R2 R1 S__N
R OH o)Ly( DMSO AN 7

] R4 R3 60°C,4h c;|o4
aldehydes redox-active esters ketones
AN
SET . . pé
S R
2 1 R2
J J\KR oo ) e
N R*R®  —Nphth AN
enolate form of persistent transient
Breslow int.
tetiary alcohol synthesis (this work) i
o/ N o)
Je \/2 s R4 _ principle-based H\”(
R' "EWG RS reaction design R4 R+ \\>
persistent transient

Figure 2-1. 7V N~ NI v 7V o T iR lziEmn T v 2 — )V E RO SO at
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BTLFFFUCE D AF AT OHADTRAF—F i LT T VWL DRELT
FF— (RSE) ZHM L, Fix D7 FLT HNORFEMEELTHE LT, ° 2 OfE R,
a-r NHNRZADO—BE TR L > TELDFF AT O h L, EFEfIstert-7 F v
Z AL LT, BreslowHREHKH KD 7r F LT 2 v & RIFRE O @V EL= %
NE—EHFLTEY, BHEGTOHILERVEBDZ L 2RI LE (Figure 2-2),

0 o o
< H *_Me S > OEt > NHMe
H—<" Me—< Ph)\D Ph/Kf( Ph
H Me +N /
Me’ o} o}

RSE 0 11.4 63.7 59.9 53.5

(kcal/mol)

Figure 2-2. fix D7 F /LT P HND TP INVDEET R F—

L 2 E 2 1L, PREICED < AROLER L& STt R 2 -T2 AERIR 0 V7R T
La-7 NINVKR=NVORRIERL Y o 27 > 7)) > T ROSORFE %2 Hi5 L7- (Figure2-3),
AFEICEL 0 WER S TILERRNEE ChH - TmmEmWN T L a— L OERNAREL 72 5 &
Ezonb,

Q @ R* OH

1
ReoH . RAKW NG R%( XRS
R2R® I blue LED

R2R% O
carboxylic acids a-ketocarbonyls sterically hindered
10, 20 and 3° X =0, NH alcohols
‘ AN
radical-radical coupling ° RS < XR5
based on PRE R1<R2 R4Y
O
transient persistent

Figure 2-3. HH%5> TAMBEIZ X D a-77 b VR = L D BLEREEEL T V% AL

5 OSSO R bFS K OB H #15H O fREt

2-7 = =)bA VEEEE (1a) &Y A NFBTTF L (2a) 2EE L L THY, gl
gt R, IWEEORFT 21T > 7 (Table2-1), FEIZxF L, e bZE ot & LT
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) ® % 1 mol %, Hitkt LC ¥4
BORBEE T LEMNZ, VAT IVALR ST RIEBEA A1 C—RER SO S8
el ZAH BHROT VF ALK 3aa Z SR TEH 272 (entry 1), 4CzIPN & [AIFREE D2
LiEcEM A AT 5 Ir BOE R oliE (If[dF(CFs)ppyla(dtbbpy)PFs) 7 & W 2356
THREIGER TR 5272 (entry2), — T, AT FNT 7 U= LRONEELIE
Tefitlt (Mes-AcrBF,) ® ZH W24 CILAMIMIIEL< S 6o 7 (entry3), K
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ELT, REET N DL UL, F7 b U AR E S U L EHWE
e TlE, BRIOIERITRT L7 —7 T, BIERY) 4aa OAERKEITIEN LT (entries
4-7), T LT, o EBHIEECHA T2 h= RNV AT IRV LT I REH
W255A T, 3aa OPEME T L7 (entries 8and 9), Y7 unu A X U Z2EEEL LT
HWEGE T, KT U AOBERMEOIRZ D720 IEERNKIEIZIE T L7z (entry 10),
KEHAFEBR 24T o TG A ARBROSIZIZ TSR e kiR oot RN VA TH D Z
DR ENT- (entries 11-13),

Table 2-1. )& 5:14F 0 fcwaqt ¢
4CzIPN (1 mol %)

Procco Csa00s (2equiv) o PNOM
A Ph” COEt  DMSO, 1h %COZB Ph

blue LED
1a 2a 3aa 4aa
entry  change from standard conditions yield (%) of 3aa”  yield (%) of 4aa”
1 none 96 (90) 2
2 Ir[dF(CF3)ppy]2(dtbbpy)PFs instead of 92 3
4Cz-IPN
3 Mes-AcrBF; instead of 4Cz-IPN 0 0
4 Na,COs instead of Cs2CO; 75 12
5 K>CO:s instead of Cs>CO; 77 11
6 CsF instead of Cs2COs 68 16
7 CsOAc instead of Cs>CO; 70 15
8 MeCN instead of DMSO 53 4
9 DMEF instead of DMSO 62 19
10 DCM instead of DMSO 11 10
11 without Blue LED 0 0
12 without 4Cz-IPN 0 0
13 without Cs,CO3 11 0

N

TR
Dy

4CzIPN Ir[dF(CF3)ppyl2(dtbbpy)PFg Mes-AcrBF,
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“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), 4CzIPN (0.002 mmol), Cs,COj3 (0.4 mmol)
DMSO (1.0 mL), 1 h under blue LED irradiation. ”"H NMR yield. Yield of the isolated product is

given in parentheses.

FELORET TR b IVo B ST D & | RGNS T DREMIE I VAR Ui K Da-
7 M AR = vomEHEEOR 1T 7, £7. a-7 F ATV 2a ZHWT, Bl
W1V B OGRS 24T 572 (Table 2-2), ARG TIiX, Flx OF =AEVIE I VAR
FEOBEMANFRETH Y | 2B EWE BT VX VEREB T 57 L3 — K& Gk
TX72 (3ba-3da,3ga), £7/=, XUV URT h T Rubt T ool )~TriRef
TH AR RO S ARETd - 7= (3eaand 3fa), ANCE VIR TR Tlx, HE=#%
TNV R T Tl B RB X OERIEED VR BROBEA S EETH - 72,
ARFEF, L DOLAD ) UZREFETIRICA OGN Da-B RRF T AT LOE A A
HEE T % (Bha-3ka), ° I BT, RNUVNMMILEEIRADofLIZ T VNPT B HE
BOMALARETH Y. MW THMZ 5 %272 (3la-30a), NRITIKTFT 20, &
—IRIERGIE I VAR e S R Sz (3pa-3ta), ARUGIE. EWERERHFAMEEZA LT
WD T2 F1 VIR B Z 5 Lo RIS R FE L D% WIE A 23 FTRE T & > 72 (3ua-3ya) .
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Table 2-2. AGHGE 7 V7R o BE DFgET

o 4CzIPN (1 mol %) Ph OH
COH | Cs,CO;3 (2 equiv.) R o
—_— Et
RZR3 Ph™ "CO.Et DMSO, 1 h ReRS
blue LED
1 2a 3
tertiary? secondary?
Ph OH Ph OH Ph, OH Ph _OH Ph, oH
%coza BnO%COZEt CO4Et G)LCOQEt CO,Et

3ba, 69% 3ca, 66% 3ha, 87% 3ia, 71% 3ja, 70%

Ph OH Ph OH Ph OH Ph oH MeO Ph OH

CO,Et
CO,Et BocN CO,Et COzEt 2
O CO,Et

3da, 78% 3ea, 45%, d.r. 1:1 3ka, 71% 3la, 88%, d.r. 1:1 3ma, 95%, d.r. 1:1

Ph OH on PN, OH Ph OH Ph OH

CO,Et CO,Et Ph \%CozEt CO,Et
(@) OMe (0]
3fa, 73% 3ga, 91% 3na, 95%, d.r. 1:1 30a, 58%, d.r. 1:1
primary?
Ph OH Ph OH Ph OH Ph OH Ph OH
COEt 7 CO,Et COzEt CO,Et CO,E
3pa, 40% 3qa, 61% 3ra, 68% 3sa, 76% 3ta, 55%

natural product and pharmaceutical drug?

0 Et0,C
HO CO,Et C'\Q\/( #\ OH
Ph N i Ph OH

from ibuprofen CO,Et
3ua, 89%, d.r. 1:1
MeO

from indometacin
O O Ph OH 3wa, 42%
CO,Et from glycyrrhetinic acid

o /@\/ Ph_OH 3ya, 90%, d.r. n.d.
from ketoprofen O/\/%COZEt

3va, 81%, d.r. 1:1

from Gemfibrozil
3xa, 78%

“Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), 4CzIPN (0.002 mmol), Cs,CO3 (0.4 mmol),
DMSO (1.0 mL), 1 h under blue LED irradiation. “1 (0.2 mmol), 2 (0.2 mmol), 4CzIPN (0.004
mmol), Cs2CO;3 (0.4 mmol), DMSO (1.0 mL), 1 h under blue LED irradiation.
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WIZ,2-7 = =)bA VEEEE (1a) 3 D WDIE 1-A Fb-1-3 7 m~FH o B LR g (1d)
ZHWT, -7 = AT LV ORRE 1T > 72 (Table2-3), ARG TIL, XU B8R EICE
TG ECE TR EZF T Do b= AT VOBEHMNARETH U | mWIEE TXE
g bo-bB RaXx v AT KA 5 27- (3ab-3ae), £7-, 77X LY UVERE
HT Do-7r hm AT VO G e TH > 7= (3af-3ah), — 5T, =T /LF 4D
LA T, F N DGR AME T L2 (3db-3dh),

Table 2-3. o~ F = AT )L DfgGET ¢

0 4CzIPN (1 mol .%) R* OH
R1._COyH l]\ Cs,CO3 (2 equiv.) R
+ 4 -
R2 R3 R* "CO.Et DMSO. 1 h x, CO,Et
blue LED R*R
1 2 3
tertiary benzylation tertiary alkylation
HO CO,Et HO CO,Et HO CO,Et HO CO,Et
Me OMe Me OMe
3ab, 85% 3ac, 95% 3db, 69% 3dc, 64%
HO CO,Et HO CO.Et HO CO,Et HO CO.Et
F cl F cl
3ad, 86% 3ae, 80% 3dd, 64% 3de, 54%
HO CO,Et HO CO,Et HO CO,Et HO CO,Et
Ph Ph = | =
3af, 77% 3ag, 86% 3df, 27% 3dg, 67%
EtO,C OH EtO,C OH
Ph S S
| |
3ah, 38% 3dh, 30%

“Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), 4CzIPN (0.002 mmol), Cs,CO3 (0.4 mmol),
DMSO (1.0 mL), 1 h under blue LED irradiation.

FEWTC, RETAIE LT, o7 F=ZXT VDRV IZo-7 b7 2 REHWZRaE 21T
~7- (Table 2-4), o-7 F= AT )L 2a |2, o-7 b7 X K 8Sa HEDFZrF LT ThH
JUIE RSE BMEW=8, HEIMIOIGERIFIKR T 5% & 72 - 72 (6aaand6da), F£7-. a-
FERTIR B8a LTI BORTFREOH TV U TRINBABETH -T2, el
WY B CHERED T T ) M ARETH Y | BFRIGE TR T Da-E K
o7 2 FEE 5 272 (6za—6Ba), 7=, WK UVBENEZHETLHVXTFREDD v
TV RSB RIEETCH > 72 (6Ca and 6Da),
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Table 2-4. o-7 b7 2 KDOfRFH
o 4CzIPN (1 mol %) Ph OH
CO,H H Cs,CO;3 (0.5 equw)
Ho Ph)kWN\/COZEt 5005 (05 equiv) N._coset
R2 RS o DMSO/HQO 1h R2 R3
blue LED
1 5a
a-ketoamides
Ph OH H Ph OH H ch Ph OH
Ph N._ CO,Et N._ CO,Et N N.___ CO,Et
0 o} o}
6aa, 51% 6da, 32% 6za, 86%, d.r. n.d.
Ph OH Ph OH
BocHN N._CO,Et BocHN ﬁ _COEt
o}
6Aa, 79%, d.r. 1:1 6Ba, 63%, d.r. 1:1
YL R coger
BocHN N N._-COzEt BocHN €02
o} o) O, o}

6Ca, 86%, d.r. 1:1

6Da, 52%, d.r. 1:1

“Reaction conditions: 1 (0.2 mmol), 5a (0.2 mmol), 4CzIPN (0.002 mmol), Cs,COj3 (0.1 mmol),
H,O (1.0 mmol), DMSO (1.0 mL), 1 h under blue LED irradiation.

AR LR TTABER ICB W T REBETFAIE L TLO I VR = b &M b H T & 7
W CKiETZ24T > 72 (Table 2-5), 73 /L7 =K (7a), XU XT7/LTE R (Tb), 7%
cNZ7x/v (T0), XV 7=y (1d) ZHWESEAE T, BIOD v 7 ) U 7KIX
2L BELNR-T- (8aa-8ad), —F T, N ZnAdurt 7=/ (Te) ZHW
BATIEH, BNERTIEHEMN 1a LBy 7 ) o TiKE 5 27- (8ae),

Table 2-5. > I VR =AW DG
4CzIPN (1 mol %)

2

Ph_ _COH JCJ)\ Cs:CO; (2equiv) o HO R

+ e g 1

s R"SR2  DMSO, 1h R

blue LED
1a 7 8
HO CN HO Me HO Ph O, CF
Ph Ph

%Ph %Ph Ph%Ph Ph%Ph Ph
8aa, 0% 8ab, 0% 8ac, 0% 8ad, 0% 8ae, 31%

“Reaction conditions: 1a (0.2 mmol), 7 (0.2 mmol), 4CzIPN (0.002 mmol), Cs;COs3 (0.4 mmol),
DMSO (1.0 mL), 1 h under blue LED irradiation.
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B TN L—RIT IV v D RS EBERALSUE
KEISRIZT IV 9 BNz A2 T, IV =BT )V o T RFEERER
{ERETTHZ E &R L7 (Figure 2-4), B & U CIRIEA VAR VB 1d, o-7 b
TAT)V 2a, AF L (9a) 2V, REOCKRET TRISSELZEZ A, TV
) L—HEEIT L. SR v 7 ) v 71K 10daa & EIGR TR bR, ZOB, F
R TH D Ry 7Y TR 3da WO TMITER L Tz, fioxF LU E
LT, p-ARFTVATFLURp- T REAFLUOBEANARETH D . @V L@tk
FOUETHRW % 5 % 7= (10dba and 10dca) ,

o 4CzIPN (1 mol %) HO Ph
CO-H Cs,CO3 (2 equiv.)
Mo~k s COsEt
Ph™ "CO,Et DMSO, 1 h R
blue LED
1d 9 2a 10, d.r. 1:1
HO Ph HO Ph
HO Ph CO,Et CO,Et
CO,Et
Ph
10daa, 81% OMe 10dba, 69% gr 10dca, 70%
(3da, 11%) (3da, 11%) (3da, 7%)

radical relay mechanium

O | COZEt Op\ COzEt 10

radical addition  transient persistent
3da

Figure 2-4. 7 VY L—HREIC L 2 =l v 7 o T ROG

FEVUER OSSR AEAT

A HERR IR TTAESR O SERE 2 B ST 3< | BEEREZIT- 72, v Fr XL
e 1IE #3EB L L THWT I U ay P EREIToT-E A, S-exo 7V V(L
L72ER 3B’ OB 055 7- (Figure2-5), ZOfER L0 ARG Tl TBIED
IWIRVBEHED T VXNV T DN ERBE L TETL TS Z RS, £/, &F
— /T NXNLT AL 2a DX FATISHANDTHN-FG N DY T
DML, S-exo 7 P HNVERLOHE (k=11x10s") LVENZ E2UREBINT, 1
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X CO,Et

0,
o oEmumy o
MCOZH ! Ph)J\COZEt DMSO, 1 h b;%{’h
1 2a blue LED CO,Et
3Ea’, 64%

5-exo radical
cyclization
k=1.1x10°s" :

Figure 2-5. 71V 7 v v 7 L

i\/g;\f.

W, A& L THNVR S 5 W da-7 h= A7 /L 2a % VT Stern—Volmer
N FEERZ 1T 572 (Figure 2-6), Z DOfEHR, 2a IC KD WRITRHER IR o To—
FC, VAR CBBEOREEINIIEN, RERBEHREAVE R L, ZO/RRLED, K
BOS T, bl 7= AL bE TN I VR U RIE - O—EB B =ik 27, 3
RO BIRITHINENEIC L > THEIT L TWAD Z LRI S LT,

® Cesium Carboxylate @ a-Ketoester 2a

...... °
S b—Ft—"T—F——F+————F—
y=02842x+ 1.1203 .7
4
» S
=3 T
— ot
o ..
2 e
..... .
..... °
] @eeee@erea@urinnnnnnn B - S 'y
0
0 2 4 6 8 10 12 14 16

Quencher Concentration [mM]
Figure 2-6. Stern—Volmer 4 525k

B RLER  HEE RS HERE

L EOBERERBRAE RIS &  HEE SN D OSHEREZ DL N IC R (Figure 2-7), 77,
FEEIRRED 4CZIPN 23, AIBDERRGHZ KL v phidikie & 70 5, F 72, BRI L BN
VR UEE 1 BT 0 b AL S BRSNS B SN D, T DTNV B (B,
12 = +1.16 V vs. SCE for hexanonate) "' & JilftfkBE D 4Cz-IPN [E)/» (*4Cz-IPN/4Cz-IPN") =
+1.35Vvs.SCE]"? MO—BFRBENCL Y, PURIREZRTT VX ILT O ANVPERT D,
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FWNT, TVHNT =4 L7572 4CZIPN [Ei (4Cz-IPN/4Cz-IPN) =—1.21 V vs. SCE]"
Mo, o-7 MHIVIR=)V 2 (Eeq1n=-1.23 Vvs SCE for2a) ~DO—EBFBEINELE S 2
& T, KR AED 4CZIPN N EAT 5 L 4RC, A F T O ANERT D, HHIC, PRE
WZXBHEBFMIRT VXN T AN EFEMIR T T NT VANDRIRNI T IIN-TF
HNT T T NEITTHET, Tu M ALERTHBO T L a— Uik 3 RNAR
T 5,

R! _CO.H —H*, CO, . ]
X 2 R kRs rﬁdlc:l—rajlcalPRE
> coupling based on
R2 R3 / \ R?
1 * transient
4CzIPN _ o HO R
blue LED (( 4CzIPN }—> R%(XRS
o 4CzIPN / ~ RZRS O
(0]
3
XRS5 \ N 5
RO I R
(0] (0]
2 persistent

Figure 2-6. & SO

B&%IC, HERD D WIEIEFa-7 b= AT V& FAWT, ARISIZEIT S RSE &K
JSMEDFN 21T > 72 (Figure2-7), fEilka-r = A7 VRO F T P E, J5
Fifo-7r FZ AT )V lkO b O &l LT RSE XTI/ SN T BN E L FRHE
WK VBABLNE oz, FEBIC, BB NLVR R 1a E D7) I KIS EBRE L
e A, AFNENRER LIZ0-7 P ATV B ZHWEEA TR, BWITE S
inoilz, —JT, tert-7 FINVIENER LT-a-7 = AT )L C & DO TlE, X7
L7 FNT IO RSE L B XV /INENEOOBLUREEL T L LT L, RIE
THEHDLINEOT Va—ikE 527, oa-7 FZAT )V C OFATIE, T D7
FILT IV tert-7 FIIVIED SRR RSB SIC LV ZENESNZID, 1a EDH v
TV TRORWNEIT LB 2 b5,

o) o} 0
Ph)J\COZR Me)J\CozR %Coﬂ?
A B c
Yield (%)(25) 90 0 30
Ered, 172 (vs. SCE)! -1.26 -1.43 ~1.61
RSE (kcal/mol)l 59.9 53.5 50.2

aR = 2-phenylethyl. ’The reaction with 1a under standard conditions. °R = ethyl.

Figure 2-7. RSE & FUSED BIf%
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R ]

PRE (T HS < AR ViE AR 2 W5 2 & TUOEIE VAR V% W T-a-/7
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1. Instrumentation and Chemicals

NMR spectra were recorded on a Bruker AVANCE NEO 400N spectrometer, operating at 400
MHz for 'H NMR, 100.6 MHz for *C NMR. Chemical shift values for 'H and '*C are referenced
to Mes4Si and the residual solvent resonances, respectively. Chemical shifts were reported in o
ppm. DART-Mass and ESI-Mass spectra were measured with JMS-T100TD (JEOL Ltd.). TLC
analyses were performed on commercial glass plates bearing 0.25-mm layer of Merck Silica gel
60Fs4. Silica gel (Wakosil® 60, 64~210 um) was used for column chromatography. Biotage
Selekt was used for purification. IR spectra were measured with a Thermo Scientific iD7 ATR
Accessory for the Thermo Scientific Nicolet iS5 FT-IR Spectrometer. Melting points were
measured on a Stanford Research Systems MPA100. CV measurements were recorded with a
Hokuto Denko HZ-7000 potentiostat. Kessil A160W Tuna Blue (highest blue and intensity
setting) was used as a light source. TEKNOS MG9 was used as a fan.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained
from commercial suppliers or prepared according to standard procedures unless otherwise noted.
Cs2CO3, K>COs and CsF were purchased from FUJIFILM Wako Pure Chemical Co., Na,COj3 and
CsOAc were purchased from Nacalai Tesque Inc., stored under nitrogen, and used as received.
DMSO, MeCN, DMF and DCM were purchased from FUJIFILM Wako Pure Chemical Co.,
stored under nitrogen, and used as received. 4Cz-IPN was prepared by the reported procedure °.
Ir[dF(CF3)ppyl2(dtbbpy)PFs was purchased from Sigma-Aldrich Japan., Mes-AcrBFs was
purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received.
Carboxylic acids 1a, 1b, 1d, 1g-1k, In—1s, 1v—x, 1z, 1A and 1B were purchased from Tokyo
Chemical Industry Co., 1f, 1u and 1y were purchased from FUJIFILM Wako Pure Chemical Co.,
11, 1m and 1t were purchased from Sigma-Aldrich Japan., stored under nitrogen, and used as
received. 1¢ was prepared by fert-butoxycarbonyl (Boc) protection of the corresponding
carboxylic acid. 1e was prepared by benzyl protection of the hydroxypivalic acid. Peptides 1C
and 1D were prepared from the corresponding amino acids through condensation reactions.
Citronellic acid 1E was prepared according to the reported procedure '°. a-Ketoester 2a was
purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received. 2b—
2e were prepared by Friedel-Crafts reaction from the corresponding arenes. 2f was prepared
according to the reported procedure ''. 2g was prepared according to the reported procedure '*.

3, 2A-C were prepared from the

2h was prepared according to the reported procedure
corresponding alcohol and a-keto acids through condensation reactions. a-Ketoamide 5a was
prepared from the corresponding amine and a-keto acids through condensation reaction. Other

carbonyls 7a, 7d and 7e were purchased from Tokyo Chemical Industry Co., 7b was purchased
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from Nacalai Tesque Inc., 7¢ was purchased from FUJIFILM Wako Pure Chemical Co., stored
under nitrogen, and used as received. Styrene 9a was purchased from FUJIFILM Wako Pure
Chemical Co., distilled before using. Alkenes 9b and 9¢ were prepared by Wittig reaction from
the corresponding aldehydes.

2. Characterization Data for a-Ketoester
Phenethyl 3,3-Dimethyl-2-oxobutanoate (2C)

o

SO

)

2C was synthezied by DCC condensation and purified by flash chromatography on silica gel
(Biotage Selekt, 98:2-81:19, hexane/EtOAc) (5 mmol scale; 955 mg, 4.07 mmol, 82% isolated
yield). Colorless oil. IR (neat) 1007, 1052, 1238, 1290, 1368, 1455, 1715, 1736, 2971 cm™'. 'H
NMR (400 MHz, CDCl3) 6 7.33-7.22 (m, 5H), 4.47 (t,J = 6.8 Hz, 2H), 3.03 (t, /= 6.8 Hz, 2H),
1.19 (s, 9H). *C NMR (100.6 MHz, CDCl3) §201.9, 163.7, 136.9, 128.9, 128.6, 126.8, 65.9,
42.5, 34.8, 25.5. HRMS-DART (m/z): [M+NH4]" caled for CisH»NO;, 252.1594; found,
252.1596.

3. Procedure for Synthesis of a-Hydroxyesters

The reaction in Table 2-1, entry 1 is representative. In a glovebox, to an oven-dried vial with
a stirring bar was added photocatalyst 4Cz-IPN (1.6 mg, 0.002 mmol), 2-phenylisobutyris acid
1a (32.8 mg, 0.2 mmol) and ethyl benzylformate 2a (31.8 uL, 0.2 mmol) and DMSO (1.0 ml).
Then, Cs,COs (130.3 mg, 0.4 mmol) was added to the reaction mixture. The reaction was stirred
and irradiated with a 34W blue LED (0.5 cm away) with a cooling fan to keep the temperature
around 40 °C (Figure S2-1). After 1 h, the reaction mixture was treated with saturated NH4Cl
aqueous solution (1.0 mL), then extracted with diethyl ether (3 times) and dried over sodium
sulfate. After filtration, the resulting solution was evaporated under reduced pressure. After
volatiles were removed under reduced pressure, flash column chromatography on silica gel
(100:0-97:3, hexane/EtOAc) gave 3aa (53.7 mg, 0.18 mmol) in 90% yield.

Figure S2-1. Light set up
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1 mmol scale reaction. In a glovebox, to an oven-dried vial with a stirring bar was added
photocatalyst 4Cz-IPN (7.9 mg, 0.01 mmol), 2-phenylisobutyris acid 1a (164.2 mg, 1.0 mmol)
and ethyl benzylformate 2a (159.1 puL, 1.0 mmol) and DMSO (5.0 ml). Then, Cs>COs3 (651.6 mg,
2.0 mmol) was added to the reaction mixture. The reaction was stirred and irradiated with a 34W
blue LED with a cooling fan to keep the temperature around 40 °C. After 1 h, the reaction mixture
was treated with saturated NH4Cl aqueous solution (5.0 mL), then extracted with diethylether (3
times) and dried over sodium sulfate. After filtration, the resulting solution was evaporated under
reduced pressure. After volatiles were removed under reduced pressure, flash column
chromatography on silica gel (Biotage Selekt, 100:0-80:20, hexane/EtOAc) gave 3aa (259.6 mg,
0.87 mmol) in 87% yield.

4. Characterization Data for a-Hydroxycarbonyls

Ethyl 2-Hydroxy-3-methyl-2,3-diphenylbutanoate (3aa)
Ph OH

Ph
CO,Et

The product 3aa was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-1, entry 1; 53.7 mg, 0.18 mmol, 90% isolated yield). Colorless oil. IR
(neat) 1031, 1063, 1169, 1246, 1446, 1716, 2980, 3489 cm™'. '"H NMR (400 MHz, CDCl3) 6 7.72—
7.69 (m, 2H), 7.39-7.36 (m, 2H), 7.31-7.20 (m, 6H), 4.13-4.08 (m, 2H), 3.69 (s, 1H), 1.52 (s,
3H), 1.37 (s, 3H), 1.22 (t,J = 7.2 Hz, 3H). ®C NMR (100.6 MHz, CDCl;) §173.5, 144.9, 138.7,
128.3,127.8,127.6, 127.2, 127.1, 126.3, 82.6, 62.3, 46.0, 25.1, 24.4, 13.9. HRMS-DART (m/2):
[M+NH4]" caled for C19H26NO3, 316.1907; found, 316.1905.

Ethyl 2-Hydroxy-3,3-dimethyl-2-phenylbutanoate (3ba)
Ph_ OH

CO,Et

The product 3ba was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 32.6 mg, 0.14 mmol, 69% isolated yield). Colorless oil. IR (neat)
1017, 1068, 1174, 1208, 1249, 1713, 2960, 3502 cm™'. "H NMR (400 MHz, CDCl;) §7.72-7.75
(m, 2H), 7.27-7.34 (m, 3H), 4.34 (q, J = 7.2 Hz, 2H), 3.76 (s, 1H), 1.39 (t, J= 7.2 Hz, 3H), 1.00
(s, 9H). ®*C NMR (100.6 MHz, CDCl3) §174.6, 139.2,127.4,127.4,127.2,82.8,62.3,39.0, 25.7,
14.2. HRMS-DART (m/z): [M+NH,4]" calcd for C14H24NOs, 254.1751; found, 254.1755.

Ethyl 4-(Benzyloxy)-2-hydroxy-3,3-dimethyl-2-phenylbutanoate (3ca)
Ph OH
BnO CO,Et

The product 3ca was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 45.2 mg, 0.13 mmol, 66% isolated yield). Colorless oil. IR (neat)
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1027, 1066, 1095, 1244, 1447, 1710, 2977, 3475 cm™'. "H NMR (400 MHz, CDCls) §7.73-7.71
(m, 2H), 7.35-7.27 (m, 8H), 4.47 (s, 2H), 4.18-4.11 (m, 2H), 3.49 (d, J = 8.8 Hz, 1H), 3.43 (d,J
= 8.8 Hz, 1H), 1.25 (t, /= 7.2 Hz, 3H), 1.16 (s, 3H), 0.91 (s, 3H). *C NMR (100.6 MHz, CDCls)
5174.1,138.7, 137.9, 128.4, 127.7, 127.7, 127.5, 127.4, 127.3, 81.8, 78.0, 73.7, 61.7, 43.0, 22.1,
21.3, 14.0. HRMS-DART (m/2): [M+H]" calcd for Ca1Ha7O4, 343.1904; found, 343.1898.

Ethyl 2-Hydroxy-2-(1-methylcyclohexyl)-2-phenylacetate (3da)
Ph OH
CO,Et

The product 3da was purified by flash chromatography on silica gel (100:0 - 97:3,
hexane/EtOAc) (Table 2-2; 43.1 mg, 0.16 mmol, 78% isolated yield). Colorless oil. IR (neat)
1027, 1058, 1215, 1241, 1446, 1710, 2925, 3497 cm™'. "H NMR (400 MHz, CDCl3) §7.73 (d, J
= 7.2 Hz, 2H), 7.33-7.27 (m, 3H), 4.34 (q, J = 7.2 Hz, 2H), 3.82 (s, 1H), 1.65-1.31 (m, 12H),
1.02-0.95 (m, 4H). ®C NMR (100.6 MHz, CDCl3) §174.6, 138.7,127.8,127.3,127.1, 83.6, 62.4,
41.9, 31.4, 30.9, 25.9, 22.0, 21.8, 17.4, 14.2. HRMS-DART (m/z): [M+NH4]" calcd for
Ci17H2sNO3, 294.2064; found, 294.2066.

tert-Butyl 3-(2-Ethoxy-1-hydroxy-2-oxo-1-phenylethyl)-3-methylpiperidine-1-carboxylate
(3ea)
Ph OH
BocN CO,Et

The product 3ea was purified by flash chromatography on silica gel (100:0-90:10,
hexane/EtOAc) (Table 2-2; 34.0 mg, 0.09 mmol, 45% isolated yield). The diastereomeric ratio
(1:1) is determined by '"H NMR. Pale yellow oil. IR (neat) 1064, 1156, 1244, 1429, 1677, 1716,
2977, 3489 cm™'. '"H NMR (400 MHz, CDCl;) §7.70 (d, J = 6.8 Hz, 2H), 7.33-7.31 (m, 3H),
4.39-4.35 (m, 2H), 4.08-3.79 (m, 3H), 2.91 (d, J = 12.8 Hz, 0.5H), 2.78 (d, J = 12.8 Hz, 0.5H),
1.71-1.40 (m, 15H), 1.27 (m, 1H), 1.02 (s, 3H). *C NMR (100.6 MHz, CDCl3) §174.0, 173.8,
155.3,155.2, 138.0, 138.0, 127.8 (x 2C), 127.8 (x 2C), 127.4 (x 2C), 82.3, 82.2,79.1, 79.0, 62.7,
62.7,50.0, 49.1, 44.5, 43.4, 42.0 (x 2C), 30.5, 29.5, 28.4 (x 2C), 21.4, 21.1, 16.5 (x 2C), 14.2 (x
2C). HRMS-DART (m/z): [M+H]" caled for C21H3,NOs, 378.2275; found, 378.2272.

Ethyl 2-Hydroxy-2-(4-methyltetrahydro-2H-pyran-4-yl)-2-phenylacetate (3fa)
Ph OH

CO,Et
o}

The product 3fa was purified by flash chromatography on silica gel (100:0-94:6,
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hexane/EtOAc) (Table 2-2; 40.6 mg, 0.15 mmol, 73% isolated yield). Colorless oil. IR (neat)
1029, 1062, 1095, 1167, 1222, 1714, 2960, 3493 cm™'. "H NMR (400 MHz, CDCls) §7.72-7.70
(m, 2H), 7.33-7.31 (m, 3H), 4.38-4.33 (m, 2H), 3.79-3.73 (m, 3H), 3.57-3.51 (m, 2H), 2.02 (m,
1H), 1.83 (m, 1H), 1.46 (m, 1H), 1.39 (t, J= 7.2 Hz, 3H), 1.23 (m, 1H), 1.15 (s, 3H). *C NMR
(100.6 MHz, CDCls) 6174.1, 138.0, 127.7, 127.7, 127.4, 83.1, 63.9, 63.7, 62.6, 39.7, 32.2, 31.0,
17.0, 14.2. HRMS-DART (m/z): [M+H]" calcd for Ci6H2304, 279.1591; found, 279.1604.

Ethyl 2-Hydroxy-2-phenyl-2-(1-phenylcyclopentyl)acetate (3ga)
Ph OH
Ph
COLEt

The product 3ga was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-2; 59.0 mg, 0.18 mmol, 91% isolated yield). Pale yellow oil. IR (neat)
1033, 1059, 1173, 1244, 1446, 1720, 2873, 2956, 3494 cm™". "H NMR (400 MHz, CDCl;) 5 7.79—
7.78 (m, 2H), 7.47 (d, J = 7.6 Hz, 2H), 7.32-7.20 (m, 6H), 4.14-4.02 (m, 2H), 3.63 (s, 1H), 2.53
(m, 1H), 2.29 (m, 1H), 1.86-1.78 (m, 2H), 1.38-1.33 (m, 3H), 1.24 (t, J=7.2 Hz, 3H), 1.77 (m,
1H). *C NMR (100.6 MHz, CDCl3) §173.7, 141.7, 138.9, 129.0, 128.0, 127.6, 127.3, 127.2,
126.4, 82.9, 62.2, 59.0, 33.2, 32.9, 22.4, 21.4, 13.9. HRMS-DART (m/z): [M+NH4]" calcd for
C21H2sNO3, 342.2064; found, 342.2065.

Ethyl 3-Ethyl-2-hydroxy-2-phenylpentanoate (3ha)

Ph OH
CO,Et

The product 3ha was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 43.6 mg, 0.17 mmol, 87% isolated yield). Colorless oil. IR (neat)
1026, 1052, 1143, 1239, 1447, 1717, 2962, 3506 cm™'. "H NMR (400 MHz, CDCl;) §7.70-7.65
(m, 2H), 7.36-7.32 (m, 2H), 7.26 (m, 1H), 4.25-4.16 (m, 2H), 3.71 (s, 1H), 2.16 (m, 1H), 1.55—
1.38 (m, 2H), 1.28 (t,J="7.2 Hz, 3H), 1.18-1.13 (m, 2H), 0.99 (t,J= 7.2 Hz, 3H), 0.72 (t, J="7.2
Hz, 3H). ®C NMR (100.6 MHz, CDCl;) §176.0, 141.6, 128.0, 127.3, 126.0, 82.0, 62.4, 48.4,
23.1, 21.4, 14.0, 13.0, 12.7. HRMS-DART (m/z): [M+NH4]" calcd for CisH,6NOs, 268.1907;
found, 268.1911.

Ethyl 2-Cyclopentyl-2-hydroxy-2-phenylacetate (3ia)
Ph OH

CO,Et

The product 3ia was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 35.3 mg, 0.14 mmol, 71% isolated yield). Colorless oil. IR (neat)
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1034, 1070, 1098, 1172, 1244, 1446, 1717, 2953, 3507 cm™". "H NMR (400 MHz, CDCL;) 57.66
(d, J = 7.6 Hz, 2H), 7.35-7.32 (m, 2H), 7.26 (m, 1H), 4.30-4.15 (m, 2H), 3.76 (s, 1H), 2.91 (m,
1H), 1.68-1.43 (m, 6H), 1.34-1.26 (m, SH). 3C NMR (100.6 MHz, CDCL3) 5 175.7, 141.9, 128.0,
127.3,125.9,79.1, 62.4,47.2,26.8, 26.4, 26.3, 26.0, 14.1. HRMS-DART (m/z): [M+NH,]" calcd
for C1sH2:NOs, 266.1751; found, 266.1750.

Ethyl 2-Cyclohexyl-2-hydroxy-2-phenylacetate (3ja)
Ph OH
CO,Et

The product 3ja was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-2; 36.7 mg, 0.14 mmol, 70% isolated yield). Colorless oil. IR (neat)
1028, 1072, 1122, 1148, 1233, 1446, 1718, 2930, 3505 cm™'. "H NMR (400 MHz, CDCl3) §7.65
(d, J=17.6 Hz, 2H), 7.36-7.32 (m, 2H), 7.26 (m, 1H), 4.26-4.19 (m, 2H), 3.70 (s, 1H), 2.22 (m,
1H), 1.80 (m, 1H), 1.65-1.63 (m, 2H), 1.47—-1.41 (m, 2H), 1.30-1.26 (m, 4H), 1.18-1.09 (m, 4H).
B3C NMR (100.6 MHz, CDCl;) §175.6, 140.9, 128.0, 127.3, 126.0, 80.8, 62.4, 45.7, 27.3, 26.3,
26.2 (x 2C), 25.5, 14.1. HRMS-DART (m/z): [M+NH,4]" calcd for C1sH26NO3, 280.1907; found,
280.1906.

Ethyl 2-Hydroxy-2-phenyl-2-(tetrahydro-2H-pyran-4-yl)acetate (3ka)
Ph._ OH

CO,Et
o)

The product 3ka was purified by flash chromatography on silica gel (100:0-90:10,
hexane/EtOAc) (Table 2-2; 37.5 mg, 0.14 mmol, 71% isolated yield). Colorless oil. IR (neat)
1020, 1091, 1149, 1235, 1446, 1720, 2952, 3503 cm™'. '"H NMR (400 MHz, CDCl3) §7.65 (d, J
=17.2 Hz, 2H), 7.37-7.33 (m, 2H), 7.28 (m, 1H), 4.30—4.21 (m, 2H), 4.03 (m, 1H), 3.90 (m, 1H),
3.71 (s, 1H), 3.43 (m, 1H), 3.29 (m, 1H), 2.44 (m, 1H), 1.76 (m, 1H), 1.48 (m, 1H), 1.31-1.28 (m,
4H), 1.01 (m, 1H). *C NMR (100.6 MHz, CDCl3) 5 174.8, 140.0, 128.2, 127.6, 125.9,79.9, 68.1,
67.6, 62.7,43.3,27.2, 25.6, 14.1. HRMS-DART (m/z): [M+H]" caled for CisH21O4, 265.1434;
found, 265.1432.

Ethyl 3-Cyclopentyl-2-hydroxy-2,3-diphenylpropanoate (3la)
Ph OH
Ph CO,Et

The product 3la was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 59.6 mg, 0.18 mmol, 88% isolated yield). The diastereomeric ratio
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(1:1) is determined by '"H NMR. Colorless oil. IR (neat) 1032, 1069, 1120, 1240, 1447, 1717,
2955, 3490 cm™'. "H NMR (400 MHz, CDCl;) 67.85 (d, J = 7.6 Hz, 1H), 7.46 (d, J = 7.6 Hz,
2H), 7.39-7.08 (m, 5H), 6.99-6.95 (m, 2H), 4.28 (m, 1H), 4.10 (s, 0.5H), 4.02 (s, 0.5H), 3.79 (m,
1H), 3.52 (d, J=9.2 Hz, 0.5H), 3.41 (d, J= 9.2 Hz, 0.5H), 2.45 (m, 0.5H), 2.30 (m, 0.5H), 1.82
(m, 0.5H), 1.66-0.91 (m, 10H), 0.51 (m, 0.5H). *C NMR (100.6 MHz, CDCl3) §176.3, 174.9,
141.8, 141.7, 141.6, 141.1, 129.9, 129.7, 127.8, 127.7, 127.5, 127.4, 127.2, 126.8, 126.6, 126.5,
126.0, 125.7, 81.0, 80.9, 62.7, 62.3, 58.6, 57.9, 43.3, 42.1, 32.5 (x 2C), 32.3, 31.1, 25.3, 25.1,
23.5,23.4, 14.0, 13.6. HRMS-DART (m/z): [M+NH4]" caled for C2H3NOs, 356.2220; found,
356.2199.

Ethyl 2-Hydroxy-3-(6-methoxynaphthalen-2-yl)-2-phenylbutanoate (3ma)

MeO
O‘ Ph OH
CO,Et

The product 3ma was purified by flash chromatography on silica gel (100:0-91:9,
hexane/EtOAc) (Table 2-2; 69.2 mg, 0.19 mmol, 95% isolated yield). The diastereomeric ratio
(1:1) is determined by 'H NMR. White solid. M.p. 84-86 °C. IR (neat) 1032, 1135, 1176, 1237,
1485, 1606, 1722, 2979, 3502 cm™'. "H NMR (400 MHz, CDCl3) 67.85 (d, J= 7.6 Hz, 1H), 7.79
(s, 0.5H), 7.69 (m, 1H), 7.58-7.51 (m, 2H), 7.44-7.40 (m, 2H), 7.34 (m, 0.5H), 7.24 (m, 0.5H),
7.14-7.03 (m, 3H), 6.98 (s, 0.5H), 4.35 (m, 1H), 3.98-3.79 (m, 6H), 1.45 (d, /= 6.8 Hz, 1.5H),
1.38 (t, J = 7.2 Hz, 1.5H), 1.18-1.11 (m, 3H). ®C NMR (100.6 MHz, CDCl3) §175.2, 174.6,
157.4, 157.1, 140.9, 140.7, 137.1, 136.5, 133.7, 133.1, 129.2 (x 2C), 128.7, 128.5, 128.2, 128.1,
127.9, 127.9, 127.7 (x 20), 127.6, 127.2, 126.3, 126.3, 125.9, 125.6, 118.7, 118.2, 105.5, 105.3,
81.2, 81.0, 62.8, 62.4, 553, 55.2, 47.6, 47.5, 17.1, 15.2, 14.1, 13.9. HRMS-DART (m/z):
[M+NH4]" caled for C23HosNOs, 382.2013; found, 382.2011.

Ethyl 2-Hydroxy-3-methoxy-2,3-diphenylpropanoate (3na)
Ph OH

Ph\RQCOZEt

OMe

The product 3na was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Table 2-2; 57.1 mg, 0.19 mmol, 95% isolated yield). The diastereomeric ratio
(1:1) is determined by '"H NMR. Pale yellow oil. IR (neat) 1033, 1073, 1095, 1135, 1242, 1448,
1726, 2982, 3502 cm™'. 'H NMR (400 MHz, CDCl3) §7.79 (d, J = 7.6 Hz, 1H), 7.53-7.46 (m,
2H), 7.41-7.25 (m, 3H), 7.22-7.10 (m, 3H), 7.03 (m, 1H), 4.98 (s, 0.5H), 4.91 (s, 0.5H), 4.37 (m,
1H), 4.05 (m, 1H), 3.78 (s, 0.5H), 3.63 (s, 0.5H), 3.30 (s, 1.5H), 3.13 (s, 1.5H), 1.38 (t, J=7.2
Hz, 1.5H), 1.17 (t,J=7.2 Hz, 1.5H). ®C NMR (100.6 MHz, CDCl3) §173.7,172.3, 139.5, 137.6,
136.1, 134.9, 128.9, 128.7, 128.5, 128.1, 127.9, 127.81, 127.8, 127.8, 127.7, 127.3, 126.2, 126.0,
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87.7, 86.4, 81.4, 81.0, 62.5, 62.4, 57.5, 57.4, 14.2, 13.9. HRMS-DART (m/z): [M+NH,4]" calcd
for C1sH24NOq4, 318.1700; found, 318.1694.

Ethyl 2-Hydroxy-2-phenyl-2-(tetrahydrofuran-2-yl)acetate (30a)
Ph OH

CO,Et
0

The product 30a was purified by flash chromatography on silica gel (100:0-90:10,
hexane/EtOAc) (Table 2-2; 29.0 mg, 0.12 mmol, 58% isolated yield). The diastereomeric ratio
(1:1) is determined by '"H NMR. The spectrum data of product 30a was consistent with the

literature .

Ethyl 2-Hydroxy-2-phenylhexanoate (3pa)
Ph_OH
CO,Et

The product 3pa was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Table 2-2; 18.9 mg, 0.08 mmol, 40% isolated yield). The spectrum data of

product 3pa was consistent with the literature '°.

Ethyl 2-Hydroxy-2-phenylhex-4-enoate (3qa)
Ph OH
= CO,Et

The product 3qa was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 28.6 mg, 0.12 mmol, 61% isolated yield). The spectrum data of

product 3qa was consistent with the literature '°.

Ethyl 3-(2-Bromophenyl)-2-hydroxy-2-phenylpropanoate (3ra)

Ph OH
CO,Et

Br

The product 3ra was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Table 2-2; 47.5 mg, 0.14 mmol, 68% isolated yield). Colorless oil. IR (neat)
1023, 1070, 1095, 1210, 1252, 1440, 1470, 1720, 2980, 3494 cm™'. "H NMR (400 MHz, CDCl5)
07.68 (d, J=17.2 Hz, 2H), 7.53 (d, J = 8.0 Hz, 1H), 7.39-7.31 (m, 4H), 7.17 (t,J = 7.2 Hz, 1H),
7.07 (m, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.84 (d, J = 14.4 Hz, 1H), 3.76 (s, 1H), 3.48 (d, J = 14.4
Hz, 1H), 1.24 (t, J = 7.2 Hz, 3H). *C NMR (100.6 MHz, CDCls) 5174.3, 141.6, 135.7, 132.8,
131.6, 128.3, 128.2, 127.9, 127.0, 126.2, 125.7, 78.6, 62.7, 44.2, 13.9. HRMS-DART (m/z):
[M+NH4]" caled for C17H21BrNO3, 366.0699; found, 366.0698.
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Ethyl 2-Hydroxy-2-phenyl-3-(thiophen-2-yl)propanoate (3sa)
A
S CO,Et

The product 3sa was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 42.0 mg, 0.15 mmol, 76% isolated yield). Brown oil. IR (neat) 1070,
1097, 1148, 1208, 1240, 1447, 1722, 2980, 3502 cm™'. '"H NMR (400 MHz, CDCl3) §7.70 (d, J
= 7.2 Hz, 2H), 7.40-7.32 (m, 3H), 7.17 (d, J = 4.8 Hz, 1H), 6.94-6.91 (m, 2H), 4.21-4.18 (m,
2H), 3.86 (s, 1H), 3.83 (d, /= 14.8 Hz, 1H), 3.39 (t, J = 14.8 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H).
3C NMR (100.6 MHz, CDCl3) §174.0, 141.0, 137.2, 128.3, 128.0, 127.5, 126.4, 125.6, 125.0,

78.3, 62.6, 40.5, 14.0. HRMS-DART (m/z): [M+NH4]" caled for CisH2NOsS, 294.1158; found,
294.1163.

Ethyl 2-Hydroxy-3-(naphthalen-2-yl)-2-phenylpropanoate (3ta)

‘O Ph OH
CO,Et

The product 3ta was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-2; 35.2 mg, 0.11 mmol, 55% isolated yield). White solid. M.p. 71-73 °C.
IR (neat) 1072, 1101, 1198, 1220, 1447, 1508, 1724, 2980, 3502 cm™'. "H NMR (400 MHz,
CDCl3) 67.81-7.71 (m, 6H), 7.45-7.31 (m, 6H), 4.22-4.14 (m, 2H), 3.75 (d, J = 13.6 Hz, 1H),
3.70 (s, 1H), 3.37 (d, J = 13.6 Hz, 1H), 1.27 (t,J = 7.2 Hz, 3H). *C NMR (100.6 MHz, CDCl;)
0174.2,141.7,133.4,133.2,132.4,129.3, 128.9, 128.3, 127.9, 127.7, 127.6, 127.4, 125.8, 125.7,
125.6, 78.8, 62.5, 46.0, 14.1. HRMS-DART (m/z): [M+NH4]" caled for C21H24NOs, 338.1751;
found, 338.1756.

Ethyl 2-Hydroxy-3-(4-isobutylphenyl)-2-phenylbutanoate (3ua)

HO CO,Et
Ph

The product 3ua was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-2; 60.6 mg, 0.18 mmol, 89% isolated yield). The diastereomeric ratio
(1:1) is determined by "H NMR. Colorless oil. IR (neat) 1020, 1133, 1176, 1242, 1366, 1447,
1511, 1721, 2954, 3502 cm™'. "H NMR (400 MHz, CDCl3) §7.82 (d, J= 7.6 Hz, 1H), 7.47-7.31
(m, 3.5H), 7.16-7.05 (m, 2.5H), 6.94 (d, /= 7.6 Hz, 1H), 6.82 (d, J= 7.2 Hz, 1H), 4.33 (m, 1H),
3.97(q,J=17.2 Hz, 1H), 3.78 (s, 0.5H), 3.71-3.64 (m, 1.5H), 2.44 (d, /J=7.2 Hz, 1H), 2.31 (d, J
=7.2 Hz, 1H), 1.84 (m, 0.5H), 1.73 (m, 0,5H), 1.39-1.35 (m, 3H), 1.14-1.07 (m, 3H), 0.90-0.87
(m, 3H), 0.81-0.78 (m, 3H). *C NMR (100.6 MHz, CDCl;) §175.2, 174.6, 141.0, 140.7, 140.3,
139.4, 139.0, 138.1, 128.9, 128.7 (x 2C), 128.1 (x 2C), 127.6, 127.5, 127.1, 126.3, 125.8, 81.2,
80.8, 62.7, 62.3, 47.5, 47.3,45.1, 44.9, 30.2, 30.1, 22.4, 22.3, 22.3, 22.2, 16.7, 15.1, 14.1, 13.9.
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HRMS-DART (m/z): [M+NH4]" calcd for C2,H3NO3, 358.2377; found, 358.2383.

Ethyl 3-(3-Benzoylphenyl)-2-hydroxy-2-phenylbutanoate (3va)

O O Ph OH
CO,Et
o)

The product 3va was purified by flash chromatography on silica gel (100:0-92:8,
hexane/EtOAc) (Table 2-2; 62.9 mg, 0.16 mmol, 81% isolated yield). The diastereomeric ratio
(1:1) is determined by '"H NMR. Pale yellow oil. IR (neat) 1132, 1177, 1245, 1284, 1447, 1597,
1655, 1720, 2979, 3491 cm™'. "H NMR (400 MHz, CDCl;) § 7.90 (s, 0.5H), 7.80 (d, J = 7.6 Hz,
2H), 7.69 (m, 1H), 7.59-7.32 (m, 8.5H), 7.24-7.17 (m, 2H), 4.34 (m, 1H), 4.01 (q, J = 7.2 Hz,
1H), 3.89 (s, 0.5H), 3.82-3.72 (m, 1.5H), 1.40-1.35 (m, 3H), 1.16-1.11 (m, 3H). *C NMR (100.6
MHz, CDCl3) 6196.81, 196.76, 174.9, 174.5, 142.3, 141.2, 140.7, 140.4, 137.7, 137.6, 137.2,
136.6, 133.3, 133.2, 132.4, 132.2, 131.4, 130.9, 130.1, 130.0, 128.9, 128.3, 128.2, 128.1, 127.94,
127.86 (x 2C), 127.70, 127.65, 127.4, 126.2, 125.8, 80.9, 80.6, 62.9, 62.7, 47.6, 47.5, 16.9, 15.1,
14.1, 13.8. HRMS-DART (m/z): [M+NH4]" caled for CosH2sNOs, 406.2013; found, 406.2013.

Ethyl 3-[1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl]-2-hydroxy-2-

phenylpropanoate (3wa)

N[ Ph oH

CO,Et

MeO

The product 3wa was purified by flash chromatography on silica gel (90:10-80:20,
hexane/EtOAc) (Table 2-2; 41.3 mg, 0.08 mmol, 42% isolated yield). Off white solid. M.p. 115—
117 °C. IR (neat) 1089, 1232, 1357, 1476, 1595, 1683, 1725, 2364, 2980, 3503 cm™'. "H NMR
(400 MHz, CDCls) 67.70 (d, J= 7.2 Hz, 2H), 7.58 (d, J = 7.6 Hz, 2H), 7.45-7.33 (m, 5H), 7.08
(s, 1H), 6.95 (d, J = 8.8 Hz, 1H), 6.66 (d, J = 8.8 Hz, 1H), 4.28-4.12 (m, 2H), 3.82 (s, 3H), 3.67—
3.63 (m, 2H), 3.30 (m, 1H), 2.14 (s, 3H), 1.26 (t, J= 7.2 Hz, 3H). *C NMR (100.6 MHz, CDCl;)
0174.4,168.3,155.7,141.7,139.1, 136.7, 134.1, 131.8, 131.2, 130.9, 129.0, 128.2, 127.9, 125.7,
114.5, 114.1, 111.3, 103.0, 79.2, 62.6, 55.7, 35.3, 14.0, 13.9. HRMS-DART (m/z): [M+NH4]"
calcd for CosH30CIN2Os, 509.1838; found, 509.1832.

Ethyl 6-(2,5-Dimethylphenoxy)-2-hydroxy-3,3-dimethyl-2-phenylhexanoate (3xa)

/@\/ Ph OH
O/\/%COZEt
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The product 3xa was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-2; 60.0 mg, 0.16 mmol, 78% isolated yield). Colorless oil. IR (neat)
1032, 1129, 1156, 1245, 1388, 1508, 1712,2971, 3502 cm™'. "H NMR (400 MHz, CDCl3) 6 7.75—
7.73 (m, 2H), 7.34-7.28 (m, 3H), 6.99 (d, J= 7.6 Hz, 1H), 6.65 (d, /= 7.6 Hz, 1H), 6.60 (s, 1H),
434 (q,J = 7.2 Hz, 2H), 3.88 (t, J = 6.0 Hz, 2H), 3.80 (s, 1H), 2.30 (s, 3H), 2.14 (s, 3H), 1.75-
1.71 (m, 3H), 1.49 (m, 1H), 1.38 (t,J = 7.2 Hz, 3H), 1.05 (s, 3H), 0.99 (s, 3H). *C NMR (100.6
MHz, CDCl3) 6174.5, 157.0, 139.0, 136.4, 130.2, 127.6, 127.5, 127.3, 123.6, 120.5, 112.0, 83.4,
68.5,62.4,41.5,32.9,24.5,22.1,21.7,21.4, 15.7, 14.2. HRMS-DART (m/z): [M+NH.4]" calcd
for C24H3sNO4, 402.2639; found, 402.2640.

Ethyl 2-Hydroxy-2-(10-hydroxy-2,4a,6a,6b,9,9,12a-heptamethyl-13-oxo-
1,2,3,4,4a,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-icosahydropicen-2-yl)-2-phenylacetate
(3ya)

EtO.C op

The product 3ya was purified by flash chromatography on silica gel (90:10-70:30,
hexane/EtOAc) (Table 2-2; 108.9 mg, 0.18 mmol, 90% isolated yield). The diastereomeric ratio
is not determined. Pale yellow oil. IR (neat) 994, 1029, 1207, 1386, 1453, 1651, 1743, 2929, 3491
cm™'. "H NMR (400 MHz, CDCl3) §7.75 (m, 1H), 7.46 (m, 1H), 7.34-7.30 (m, 3H), 5.13 (s,
0.5H), 4.94 (s, 0.5H), 4.33 (m, 1H), 4.17-4.13 (m, 1.5H), 3.75 (m, 0.5H), 3.23 (brs, 1H), 2.77 (m,
1H), 2.30 (m, 1H), 2.09—1.97 (m, 2H), 1.84-1.00 (m, 34H), 0.85-0.70 (m, 8H). *C NMR (100.6
MHz, CDCl) 6 200.4, 200.3, 200.2, 200.1,174.2, 174.14, 174.06, 174.0, 172.5, 172.3, 172.2,
170.3, 170.1, 169.6, 169.5, 168.8, 168.6, 168.5, 128.7, 128.6, 128.4, 128.4, 128.3, 128.2, 128.1,
128.0, 127.9, 127.9, 127.6, 127.6, 127.5, 127.4, 127.2, 126.6, 126.5, 126.5, 126.4, 78.68, 78.65,
78.6, 78.2, 75.9, 75.8, 72.9, 61.74, 61.72, 61.67, 61.1, 61.03, 61.02, 60.98, 54.9, 54.84, 54.79,
48.8, 46.0, 45.31, 45.30, 43.23, 43.17, 43.1, 39.1, 37.01, 36.99, 35.3, 32.6, 32.52, 32.50, 32.0,
31.6, 28.4, 28.3, 28.2, 28.0, 27.2, 26.4, 26.33, 26.26, 26.2, 23.34, 23.25, 23.2, 20.9, 18.7, 18.62,
18.57, 17.4, 16.30, 16.27, 15.6, 15.5, 14.1, 14.0 (only observed peaks). HRMS-DART (m/z):
[M+H]" caled for C39Hs70s, 605.4201; found, 605.4195.

Ethyl 2-Hydroxy-3-methyl-3-phenyl-2-(p-tolyl)butanoate (3ab)
HO CO,Et
Ph

Me
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The product 3ab was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 53.1 mg, 0.17 mmol, 85% isolated yield). Colorless oil. IR (neat)
1032, 1068, 1216, 1243, 1364, 1510, 1715, 2979, 3492 cm™'. "H NMR (400 MHz, CDCl3) §7.58
(d, J=8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.26-7.20 (m, 3H), 7.11 (d, J = 8.0 Hz, 2H), 4.11—
4.07 (m, 2H), 3.64 (s, 1H), 2.35 (s, 3H), 1.51 (s, 3H), 1.36 (s, 3H), 1.21 (t, J = 7.2 Hz, 3H). *C
NMR (100.6 MHz, CDCl3) 6173.6, 145.0, 137.2, 135.8, 128.3, 127.9, 127.7, 127.1, 126.3, 82.5,
62.2, 45.9, 25.1, 24.4, 21.0, 13.9. HRMS-DART (m/z): [M+NH4]" caled for CyHasNOs,
330.2064; found, 330.2063.

Ethyl 2-Hydroxy-2-(4-methoxyphenyl)-3-methyl-3-phenylbutanoate (3ac)
HO CO,Et
Ph

OMe

The product 3ac was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 62.4 mg, 0.19 mmol, 95% isolated yield). Colorless oil. IR (neat)
1031, 1067, 1087, 1175, 1244, 1508, 1608, 1715, 2979, 3489 cm™'. "H NMR (400 MHz, CDCl5)
07.61 (d, J= 8.4 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.26-7.21 (m, 3H), 6.83 (d, /= 8.4 Hz, 2H),
4.14-4.07 (m, 2H), 3.82 (s, 3H), 3.65 (s, 1H), 1.50 (s, 3H), 1.36 (s, 3H), 1.21 (t, /= 7.2 Hz, 3H).
3C NMR (100.6 MHz, CDCls) §173.7, 159.0, 144.9, 130.8, 129.1, 128.3, 127.1, 126.3, 112.4,
82.3, 62.2, 55.2, 46.1, 25.1, 24.4, 13.9. HRMS-DART (m/z): [M+NH.4]" calcd for C20H2sNOs,
346.2013; found, 346.2010.

Ethyl 2-(4-Fluorophenyl)-2-hydroxy-3-methyl-3-phenylbutanoate (3ad)

HO CO,Et
Ph

F

The product 3ad was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 54.4 mg, 0.17 mmol, 86% isolated yield). Colorless oil. IR (neat)
1015, 1031, 1068, 1162, 1223, 1505, 1602, 1716, 2980, 3487 cm™'. "H NMR (400 MHz, CDCl5)
07.69-7.66 (m, 2H), 7.34 (d, J= 7.6 Hz, 2H), 7.26-7.20 (m, 3H), 7.00-6.95 (m, 2H), 4.14-4.08
(m, 2H), 3.72 (s, 1H), 1.50 (s, 3H), 1.35 (s, 3H), 1.21 (t,J = 7.2 Hz, 3H). *C NMR (100.6 MHz,
CDCl3) 6173.3, 162.4 (d, Jor = 246.5 Hz), 144.5, 134.3 (d, Jcr = 3.0 Hz), 129.7 (d, Jcr = 8.0
Hz), 128.2, 127.2, 126.4, 113.8 (d, Jor = 21.1 Hz), 82.2, 62.4, 46.1, 25.0, 24.3, 13.9. YF NMR
(376.5 MHz, CDCl3) 6 —115.5 (s). HRMS-DART (m/z): [M+NH4]" caled for CioHasFNOs,
334.1813; found, 334.1809.
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Ethyl 2-(4-Chlorophenyl)-2-hydroxy-3-methyl-3-phenylbutanoate (3ae)
HO CO,Et
Ph

Cl

The product 3ae was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 53.3 mg, 0.16 mmol, 80% isolated yield). Colorless oil. IR (neat)
1013, 1068, 1093, 1167, 1242, 1489, 1717, 2980, 3490 cm™'. "H NMR (400 MHz, CDCls) 6 7.64
(d, J=7.6 Hz, 2H), 7.34 (d, J=7.6 Hz, 2H), 7.28-7.23 (m, 5H), 4.12-4.10 (m, 2H), 3.71 (s, 1H),
1.50 (s, 3H), 1.35 (s, 3H), 1.21 (t,J= 7.2 Hz, 3H). ®*C NMR (100.6 MHz, CDCl;) §173.2, 144.4,
137.2,133.7,129.4,128.2, 127.2,127.2, 126.5, 82.3, 62.5, 46.1,25.9, 24.3, 13.9. HRMS-DART
(m/z): [IM+NH,4]" calcd for C1oHasCINO3, 350.1517; found, 350.1517.

Ethyl 2-Hydroxy-3-methyl-2-(naphthalen-2-yl)-3-phenylbutanoate (3af)

HO CO,Et

Kees

The product 3af was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 53.7 mg, 0.15 mmol, 77% isolated yield). Colorless oil. IR (neat)
1031, 1068, 1091, 1227, 1364, 1714, 2977, 3488 cm™'. '"H NMR (400 MHz, CDCl3) 68.19 (s,
1H), 7.85-7.82 (m, 3H), 7.76 (m, 1H), 7.49-7.47 (m, 2H), 7.40 (d, J=7.6 Hz, 2H), 7.27-7.21 (m,
3H), 4.17-4.13 (m, 2H), 3.80 (s, 1H), 1.57 (s, 3H), 1.42 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H). *C
NMR (100.6 MHz, CDCl3) 6 173.4, 144.8, 136.3, 132.7, 132.4, 128.6, 128.3, 127.3, 127.2, 126 .4,
126.3, 126.1 (x 2C), 125.9, 125.8, 82.8, 62.4, 46.3, 25.2, 24.5, 14.0. HRMS-DART (m/2):
[M+NH4]" caled for C23HosNO3, 366.2064; found, 366.2066.

Ethyl 2-Hydroxy-3-methyl-3-phenyl-2-(pyridin-2-yl)butanoate (3ag)

HO CO,Et
Ph _

N

The product 3ag was purified by flash chromatography on silica gel (98:2-90:10,
hexane/EtOAc) (Table 2-3; 51.5 mg, 0.17 mmol, 86% isolated yield). White solid. M.p. 89-91 °C.
IR (neat) 1033, 1094, 1240, 1435, 1590, 1719, 2979, 3304 cm™'. "H NMR (400 MHz, CDCl5)
08.43 (d, J=4.8 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.68 (t, J= 7.6 Hz, 1H), 7.26-7.19 (m, 6H),
6.36 (s, 1H), 4.14-4.02 (m, 2H), 1.54 (s, 3H), 1.43 (s, 3H), 1.13 (t, J = 7.2 Hz, 3H). *C NMR
(100.6 MHz, CDCl3) 6172.3, 155.6, 146.4, 144.4, 135.8, 128.2, 127.1, 126.2, 123.9, 123.0, 82.3,
61.3,47.0,24.9,24.5, 13.9. HRMS-DART (m/z): [M+H]" calcd for C1sH22NO3, 300.1594; found,
300.1591.

74



Ethyl 2-(Benzo[b]thiophen-2-yl)-2-hydroxy-3-methyl-3-phenylbutanoate (3ah)

EtO,C OH
Ph S

\

The product 3ah was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 26.9 mg, 0.08 mmol, 38% isolated yield). Colorless oil. IR (neat)
1014, 1066, 1098, 1125, 1244, 1366, 1458, 1719, 2979, 3481 cm™'. "H NMR (400 MHz, CDCl;)
07.80 (d, J=7.6 Hz, 1H), 7.74 (d, J= 7.2 Hz, 1H), 7.45-7.43 (m, 3H), 7.34-7.23 (m, 5H), 4.16
(q,J = 7.2 Hz, 2H), 4.07 (s, 1H), 1.66 (s, 3H), 1.52 (s, 3H), 1.27 (t, J = 7.2 Hz, 3H). *C NMR
(100.6 MHz, CDCl3) 6172.6, 144.4, 144.1, 139.5, 128.0, 127.4 (x 2C), 126.7, 124.03, 123.99,
123.5,123.1,121.8, 82.2, 62.9, 46.3, 24.8, 24.4, 13.9. HRMS-DART (m/z): [M+NH,4]" calcd for
C21H26NOsS, 372.1628; found, 372.1631.

Ethyl 2-Hydroxy-2-(1-methylcyclohexyl)-2-(p-tolyl)acetate (3db)
HO CO,Et

Me

The product 3db was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 40.1 mg, 0.14 mmol, 69% isolated yield). Colorless oil. IR (neat)
1010, 1065, 1182, 1213, 1240, 1446, 1510, 1709, 2923, 3496 cm™'. "H NMR (400 MHz, CDCl5)
07.61 (d, J= 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 4.32 (q, / = 7.2 Hz, 2H), 3.77 (s, 1H), 2.33
(s, 3H), 1.64—1.31 (m, 12H), 1.04-0.95 (m, 4H). *C NMR (100.6 MHz, CDCl;) 5 174.7, 137.0,
135.7,127.8,127.7,83.5,62.3,41.9,31.4,30.9,25.9,22.0,21.8, 20.9, 17.5, 14.2. HRMS-DART
(m/z): [IM+NH.4]" calcd for CisH30NOs, 308.2220; found, 308.2224.

Ethyl 2-Hydroxy-2-(4-methoxyphenyl)-2-(1-methylcyclohexyl)acetate (3dc)
HO CO,Et

OMe

The product 3dec was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 39.2 mg, 0.13 mmol, 64% isolated yield). Colorless oil. IR (neat)
1033, 1064, 1178, 1239, 1508, 1608, 1709, 2925, 3496 cm™"'. "H NMR (400 MHz, CDCl3) §7.65
(d, J=8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 4.33 (q, J = 7.2 Hz, 2H), 3.81 (s, 3H), 3.78 (s, 1H),
1.62-1.49 (m, 5H), 1.42-1.30 (m, 7H), 1.01-0.97 (m, 4H). *C NMR (100.6 MHz, CDCl;) &
174.7, 158.8, 130.7, 129.0, 112.4, 83.3, 62.3, 55.2, 41.9, 31.4, 30.9, 25.9, 22.0, 21.8, 17.4, 14.2.
HRMS-DART (m/z): [M+NH4]" caled for CisH30NOs, 342.2169; found, 342.2165.
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Ethyl 2-(4-Fluorophenyl)-2-hydroxy-2-(1-methylcyclohexyl)acetate (3dd)
HO CO,Et

F

The product 3dd was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Table 2-3; 37.7 mg, 0.13 mmol, 64% isolated yield). Colorless oil. IR (neat)
1015, 1064, 1162, 1221, 1505, 1602, 1711, 2926, 3492 cm™'. "H NMR (400 MHz, CDCl3) 6 7.73—
7.69 (m, 2H), 7.01-6.97 (m, 2H), 4.34 (q, /= 7.2 Hz, 2H), 3.85 (s, 1H), 1.61-1.41 (m, 5H), 1.39-
1.28 (m, 7H), 1.04-0.94 (m, 4H). *C NMR (100.6 MHz, CDCl3) §174.4, 162.2 (d, Jcr = 246.5
Hz), 134.2 (d, Jcr = 3.0 Hz), 129.6 (d, Jc_r = 8.0 Hz), 113.8 (d, Jcr = 21.1 Hz), 83.3, 62.5, 42.0,
31.4, 30.8, 25.9, 21.9, 21.7, 17.4, 14.2. YF NMR (376.5 MHz, CDCl3) §-116.0 (s). HRMS—
DART (m/z): [M+NH4]" calcd for C17H,7FNO3, 312.1969; found, 312.1967.

Ethyl 2-(4-Chlorophenyl)-2-hydroxy-2-(1-methylcyclohexyl)acetate (3de)
HO CO,Et

Cl

The product 3de was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 33.6 mg, 0.11 mmol, 54% isolated yield). Colorless oil. IR (neat)
1014, 1065, 1094, 1216, 1240, 1490, 1712, 2926, 3491 cm™'. "H NMR (400 MHz, CDCl3) §7.68
(d,J=7.6 Hz, 2H), 7.27 (d, J=7.6 Hz, 2H), 4.34 (q, /= 7.2 Hz, 2H), 3.85 (s, 1H), 1.60-1.28 (m,
12H), 1.00-0.94 (m, 4H). *C NMR (100.6 MHz, CDCl3) § 174.3, 137.1, 133.4, 129.3, 127.2,
83.3, 62.6,42.1,31.4, 30.8, 25.9, 21.9, 21.7, 17.4, 14.2. HRMS-DART (m/z): [M+NH.4]" calcd
for C17H»7CINO3, 328.1674; found, 328.1671.

Ethyl 2-Hydroxy-2-(1-methylcyclohexyl)-2-(naphthalen-2-yl)acetate (3df)

HO CO,Et

The product 3df was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 17.6 mg, 0.05 mmol, 27% isolated yield). Colorless oil. IR (neat)
1018, 1067, 1084, 1157, 1216, 1237, 1446, 1710, 2924, 3494 cm™'. "H NMR (400 MHz, CDCl5)
08.21 (s, 1H), 7.89-7.76 (m, 4H), 7.48-7.46 (m, 2H), 4.40-4.35 (m, 2H), 3.92 (s, 1H), 1.73-1.26
(m, 12H), 1.08 (s, 3H), 0.98 (m, 1H). *C NMR (100.6 MHz, CDCl3) 5174.5, 136.3, 132.6, 132.5,
128.5,127.3,127.0, 126.3, 126.0, 126.0, 125.8, 83.9, 62.4,42.4,31.6, 31.0, 25.9, 22.0, 21.8, 17.6,
14.3. HRMS-DART (m/z): [M+NH4]" caled for C21H3NOs, 344.2220; found, 344.2216.
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Ethyl 2-Hydroxy-2-(1-methylcyclohexyl)-2-(pyridin-2-yl)acetate (3dg)

HO CO,Et
=
N

The product 3dg was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Table 2-3; 37.2 mg, 0.13 mmol, 67% isolated yield). Colorless oil. IR (neat)
1030, 1088, 1234, 1434, 1590, 1718, 2924, 3315 cm™'. "H NMR (400 MHz, CDCl;) 6 8.53 (d, J
=4.8 Hz, 1H), 8.01 (d, /= 8.4 Hz, 1H), 7.71 (m, 1H), 7.27 (m, 1H), 6.36 (s, 1H), 4.32-4.18 (m,
2H), 1.62-1.26 (m, 12H), 1.03-0.96 (m, 4H). *C NMR (100.6 MHz, CDCl;) & 172.8, 155.7,
146.4, 135.9, 123.9, 122.9, 83.1, 61.3, 43.3, 31.6, 31.0, 25.9, 22.0, 21.8, 17.4, 14.2. HRMS-
DART (m/z): [M+H]" caled for C16H24NO3, 278.1751; found, 278.1752.

Ethyl 2-(Benzo[b]thiophen-2-yl)-2-hydroxy-2-(1-methylcyclohexyl)acetate (3dh)

EtO,C OH
s
|

The product 3dh was purified by flash chromatography on silica gel (100:0-96:4,
hexane/EtOAc) (Table 2-3; 19.9 mg, 0.06 mmol, 30% isolated yield). Brown oil. IR (neat) 1013,
1066, 1086, 1242, 1458, 1716, 2924, 3484 cm™'. "H NMR (400 MHz, CDCl3) §7.79 (d, J= 7.6
Hz, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.43 (s, 1H), 7.34-7.26 (m, 2H), 4.42-4.34 (m, 2H), 4.30 (s,
1H), 1.72-1.56 (m, 7H), 1.44-1.26 (m, SH), 1.14 (s, 3H), 1.03 (m, 1H). *C NMR (100.6 MHz,
CDCls) 6 173.7, 144.9, 139.7, 139.4, 124.0, 123.9, 123.4, 122.7, 121.8, 83.1, 63.0, 42.5, 31.4,
30.9, 25.9, 22.0, 21.8, 17.5, 14.2. HRMS-DART (m/z): [M+NH4]" calcd for C;oHxsNO;S,
350.1784; found, 350.1782.

Phenethyl 2-Hydroxy-3-methyl-2,3-diphenylbutanoate (3aA)

The product 3aA was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Figure 2-7; 67.4 mg, 0.18 mmol, 90% isolated yield). Colorless oil. IR (neat)
1012, 1032, 1062, 1166, 1241, 1447, 1714, 3026, 3496 cm™'. "H NMR (400 MHz, CDCls) §7.58
(d,J=7.6 Hz, 2H), 7.34-7.15 (m, 13H), 4.33-4.17 (m, 2H), 3.65 (s, 1H), 2.89 (t, /= 6.8 Hz, 2H),
1.43 (s, 3H), 1.32 (s, 3H). ®C NMR (100.6 MHz, CDCl3) §173.7, 144.8, 138.5, 137.3, 128.8,
128.6, 128.2,127.8, 127.5,127.2, 127.1, 126.8, 126.4, 82.8, 66.9, 45.9, 34.7, 25.1, 24.4. HRMS-
DART (m/z): [M+NH4]" calcd for CosH30NOs, 392.2220; found, 392.2221.
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Phenethyl 2-(fert-Butyl)-2-hydroxy-3-methyl-3-phenylbutanoate (3aC)

OH
Ph O~pp

0]

The product 3aC was purified by flash chromatography on silica gel (100:0 - 97:3,
hexane/EtOAc) (Figure 2-7, Sheme D; 21.3 mg, 0.06 mmol, 30% isolated yield). Colorless oil.
IR (neat) 1023, 1068, 1089, 1247, 1386, 1497, 1708, 2560, 3494 cm™'. "H NMR (400 MHz,
CDCl3) 67.32-7.16 (m, 10H), 4.33 (brs, 1H), 4.09 (m, 1H), 3.67 (brs, 1H), 3.02 (brs, 2H), 1.57
(s, 6H), 0.98 (s, 9H). *C NMR (100.6 MHz, CDCl3) 5176.8, 147.5, 137.5, 128.8, 128.6, 128.1,
127.1, 126.8, 126.1, 84.6, 67.0, 46.4, 40.4, 34.8, 28.5, 27.5, 27.1. HRMS-DART (m/z):
[M+NH4]" caled for C23H34NO3, 372.2533; found, 372.2531.

5. Characterization Data for Other Coupling Product

1,1,1-Trifluoro-3-methyl-2,3-diphenylbutan-2-ol (8ae)
HO CF,

Ph
Ph

The product 8ae was purified by flash chromatography on silica gel (Biotage Selekt, 100:0—
82:18, hexane/EtOAc) (Table 2-5; 18.2 mg, 0.06 mmol, 31% isolated yield). Colorless oil. IR
(neat) 1033, 1059, 1143, 1259, 1448, 1484, 2985,3556 cm™'. '"H NMR (400 MHz, CDCl3) 6 7.43—
7.42 (m, 2H), 7.32-7.26 (m, 8H), 2.62 (s, 1H), 1.60 (s, 3H), 1.36 (s, 3H). *C NMR (100.6 MHz,
CDCls) 6143.6, 136.4, 128.3, 128.1, 127.7, 127.3, 127.1 (q, Jo—r = 2.1 Hz), 126.9, 126.8 (q, Jcr
=233.1 Hz), 81.6 (q, Jor = 25.7 Hz), 44.8, 25.8 (q, Jor = 2.4 Hz), 25.0 (q, Jo_r = 2.9 Hz). F
NMR (376.5 MHz, CDCl3) 6—67.3 (s). HRMS-DART (m/z): [M+NH.4]" caled for Ci7H21F3NO,
312.1570; found, 312.1572.

6. Procedure for Synthesis of a-Hydroxyamides

The reaction to produce 6aa in Table 2-4 is representative. In a glovebox, to an oven-dried vial
with a stirring bar was added photocatalyst 4Cz-IPN (1.6 mg, 0.002 mmol), 2-phenylisobutyric
acid 1a (32.8 mg, 0.2 mmol) and a-ketoamide 5a (47.0 mg, 0.2 mmol) and DMSO (1.0 ml). Then,
Cs2COs3 (32.6 mg, 0.1 mmol) and H,O (18.0 pL, 1.0 mmol) were added to the reaction mixture.
The reaction was stirred and irradiated with a 34W blue LED (0.5 cm away) with a cooling fan to
keep the temperature around 40 °C (Figure S2-1). After 1 h, the reaction mixture was treated with
saturated NH4Cl aqueous solution (1.0 mL), then extracted with ethyl acetate (3 times) and dried
over sodium sulfate. After filtration, the resulting solution was evaporated under reduced pressure.
After volatiles were removed under reduced pressure, flash column chromatography on silica gel
(98:2-90:10, hexane/EtOAc) gave 6aa (36.3 mg, 0.10 mmol) in 51% yield.
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7. Characterization Data for o-Hydroxyamides
Ethyl (2-Hydroxy-3-methyl-2,3-diphenylbutanoyl)glycinate (6aa)

HO Ph
Ph N._CO,Et

)

The product 6aa was purified by flash chromatography on silica gel (98:2-90:10,
hexane/EtOAc) (Table 2-4; 36.3 mg, 0.10 mmol, 51% isolated yield). Colorless oil. IR (neat)
1032, 1059, 1202, 1375, 1445, 1510, 1660, 1743, 2981, 3417 cm™'. "H NMR (400 MHz, CDCl5)
07.62 (d, J=17.2 Hz, 2H), 7.35 (brs, 1H), 7.28-7.18 (m, 8H), 4.15 (q, J = 7.2 Hz, 2H), 3.96 (m,
1H), 3.80 (m, 1H), 2.64 (s, 1H), 1.66 (s, 3H), 1.48 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H). ®C NMR
(100.6 MHz, CDCl3) 6173.0, 169.6, 143.3, 138.6, 128.2, 128.0, 127.6, 127.4, 127.1, 127.1, 81.5,
61.3, 46.8, 41.2, 24.83, 24.78, 14.1. HRMS-DART (m/z): [M+H]" caled for CyHaNOs,
356.1856; found, 356.1858.

Ethyl [2-Hydroxy-2-(1-methylcyclohexyl)-2-phenylacetyl]glycinate (6da)

HO Ph 4
N._CO,Et

)

The product 6da was purified by flash chromatography on silica gel (98:2-90:10,
hexane/EtOAc) (Table 2-4; 21.3 mg, 0.06 mmol, 32% isolated yield). Colorless oil. IR (neat)
1022, 1060, 1199, 1376, 1510, 1647, 1746, 2912, 3330 cm ™. "H NMR (400 MHz, CDCls) 67.80
(d, J=17.2 Hz, 2H), 7.62 (brs, 1H), 7.32-7.26 (m, 3H), 4.21-4.09 (m, 3H), 3.84 (m, 1H), 2.82 (s,
1H), 1.73-1.23 (m, 12H), 1.07-0.99 (m, 4H). *C NMR (100.6 MHz, CDCl;) & 173.6, 169.9,
138.4,127.5,127.4,127.2,83.7,61.4,42.0,41.1,31.6,30.9, 25.7,21.9,21.7,17.3, 14.1. HRMS-
DART (m/z): [M+H]" caled for C1oHxsNO, 334.2013; found, 334.2016.

tert-Butyl 2-{2-[(2-Ethoxy-2-oxoethyl)amino]-1-hydroxy-2-oxo-1-phenylethyl}pyrrolidine-
1-carboxylate (6za)

BocHO Ph
N N._ CO,Et

o

The product 6za was purified by flash chromatography on silica gel (95:5-75:25,
hexane/EtOAc) (Table 2-4; 69.9 mg, 0.17 mmol, 86% isolated yield). The diastereomeric ratio is
not determined. Colorless oil. IR (neat) 1029, 1062, 1196, 1390, 1520, 1684, 1750, 2978, 3410
cm ™. Signals for two rotamers were given: "H NMR (400 MHz, CDCl;) §7.47-7.43 (m, 2H),
7.34—7.27 (m, 3H), 5.41 (m, 1H), 5.10 (m, 1H), 4.22—4.20 (m, 2H), 4.07-3.88 (m, 2H), 3.54 (m,
1H), 3.40 (m, 1H), 3.21 (m, 1H), 2.17-1.78 (m, 4H), 1.47 (s, 4.5H), 1.37-1.25 (m, 7.5H). *C
NMR (100.6 MHz, CDCl3) 6172.4,171.6,171.3,169.7,169.4, 155.1, 154.6, 139.2, 138.6, 137.8,
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137.6, 128.7, 128.5, 128.34, 128.26, 128.1, 128.0, 127.6, 127.3, 126.8, 126.5, 126.3, 87.8, 87.1,
80.8, 80.4, 78.9, 78.6, 78.4, 74.1, 61.5, 61.1, 46.4, 45.5, 41.2, 41.0, 40.9, 33.6, 33.0, 32.6, 31.4,
28.3,28.1,22.6,22.3,21.6, 14.1 (only observed peaks). HRMS-DART (m/z): [M+H]" calcd for
C21H31N20s, 407.2177; found, 407.2175.

Ethyl {3-[(tert-Butoxycarbonyl)amino]-2-hydroxy-4-methyl-2-phenylpentanoyl}glycinate
(6Aa)

HO Ph
BocHN N__ COEt

0]

The product 6Aa was purified by flash chromatography on silica gel (90:10-70:30,
hexane/EtOAc) (Table 2-4; 64.5 mg, 0.16 mmol, 79% isolated yield). The diastereomeric ratio
(1:1) is determined by 'H NMR. White solid. M.p. 98-100 °C. IR (neat) 1058, 1155, 1194, 1246,
1512, 1659, 1687, 1757, 2972, 3362 cm™'. '"H NMR (400 MHz, CDCl3) §7.45-7.41 (m, 2H),
7.36-7.15 (m, 3H), 5.26 (d, /= 10.4 Hz, 0.5H), 5.10 (s, 0.5H), 5.04 (m, 1H), 4.81 (m, 0.5H), 4.72
(d,J=10.0 Hz, 0.5H), 4.24-4.09 (m, 3H), 3.94 (m, 1H), 1.96 (m, 1H), 1.45-1.26 (m, 13H), 1.08—
1.03 (m, 3H), 0.97-0.94 (m, 3H). *C NMR (100.6 MHz, CDCl3) § 171.5, 170.9, 170.2, 169.7,
155.4,155.1, 138.7, 137.0, 128.4, 128.2, 127.9, 127.4, 127.0, 126.5, 86.3, 84.2, 80.0, 80.0, 79.4,
78.2,61.6,61.5,41.1,40.7,33.3,32.9, 28.23, 28.15, 17.7, 17.6, 17.4, 17.2, 14.1 (x 2C). HRMS-
DART (m/z): [M+H]" caled for C21H33N20s, 409.2333; found, 409.2338.

Ethyl {4-(Benzyloxy)-3-[(tert-butoxycarbonyl)amino]-2-hydroxy-2-
phenylbutanoyl}glycinate (6Ba)
HO Ph
BocHN N__ COEt
BnO ©

The product 6Ba was purified by flash chromatography on silica gel (90:10-70:30,
hexane/EtOAc) (Table 2-4; 61.3 mg, 0.13 mmol, 63% isolated yield). The diastereomeric ratio
(1:1) is determined by "H NMR. Colorless oil. IR (neat) 1024, 1056, 1201, 1367, 1522, 1674,
1715, 2979, 3332 cm™. '"H NMR (400 MHz, CDCl;) §7.46-7.42 (m, 2H), 7.35-7.26 (m, 8H),
6.05 (d, J=9.6 Hz, 0.5H), 5.43 (brs, 0.5H), 5.25 (m, 1H), 5.07 (m, 1H), 4.60—4.56 (m, 2H), 4.20-
4.09 (m, 2.5H), 3.88-3.57 (m, 3.5H), 1.45-1.40 (m, 9H), 1.29-1.23 (m, 4H). *C NMR (100.6
MHz, CDCl3) 6171.6,171.2,170.0, 169.5, 154.8 (x 2C), 137.5,137.3, 128.5, 128.4 (x 2C), 128.4
(x2C), 128.1 (x 2C), 128.0, 127.9, 127.8, 127.4 (x 2C), 127.2 (x 2C), 80.9, 80.5, 80.4, 80.1, 78.8,
78.0, 73.62, 73.60, 71.3, 71.0, 61.4, 61.2, 40.6 (x 2C), 28.2, 28.1, 14.1 (x 2C). HRMS-DART
(m/z): [M+H]" calcd for C2sH3sN>O7, 487.2439; found, 487.2433.
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Ethyl (3-{2-[(tert-Butoxycarbonyl)amino]acetamido}-2-hydroxy-2-
phenylbutanoyl)glycinate (6Ca)

The product 6Ca was purified by flash chromatography on silica gel (100:0-95:5,
DCM/MeOH) (Table 2-4; 75.2 mg, 0.17 mmol, 86% isolated yield). The sample contains
unseparable impurities. The diastereomeric ratio (1:1) is determined by 'H NMR. Pale yellow oil.
IR (neat) 1026, 1081, 1169, 1202, 1367, 1521, 1669, 2980, 3311 cm™'. "H NMR (400 MHz,
CDCl3) 67.45-7.41 (m, 2H), 7.36—-7.20 (m, 3H), 7.13 (m, 0.5H), 6.94 (brs, 0.5H), 5.53 (brs, 1H),
5.30 (s, 1H), 5.01 (m, 1H), 4.254.17 (m, 3H), 4.13-3.78 (m, 3.5H), 3.48 (m, 0.5H), 1.49-1.43
(m, 10.5H), 1.31-1.24 (m, 4.5H). *C NMR (100.6 MHz, CDCl3) §171.6 (x 2C), 170.6, 170.6,
170.1 (x 2C), 169.7, 169.6, 136.9 (x 2C), 128.5, 128.4, 128.3, 128.2, 127.0, 126.9, 80.1, 79.5,
78.9 (x 2C), 76.1 (x 2C), 61.7, 61.5, 41.0, 40.9, 40.7 (x 2C), 28.3, 28.2, 21.4, 21.3, 14.1 (x 2C).
HRMS-DART (m/z): [M+H]" caled for C21H3,N307, 438.2235; found, 438.2237.

Ethyl (3-{2-[(tert-Butoxycarbonyl)amino]acetamido}-2-hydroxy-2,4-
diphenylbutanoyl)glycinate (6Da)
{ HO Ph
BocHN /\[r N N__ CO,Et
o] o

The product 6Da was purified by flash chromatography on silica gel (90:10-60:40,
hexane/EtOAc) (Table 2-4; 53.4 mg, 0.10 mmol, 52% isolated yield). White solid. M.p. 123—
125 °C. IR (neat) 1026, 1063, 1168, 1203, 1248, 1520, 1676, 2979, 3305 cm™'. '"H NMR (400
MHz, CDCls) 6 7.35-7.26 (m, 10H), 7.06 (d, J = 10.0 Hz, 1H), 6.69 (brs, 1H), 5.77 (m, 0.5H),
5.28 (brs, 0.5H), 4.95 (m, 1H), 4.22-4.09 (m, 3H), 3.89-3.77 (m, 2H), 3.53 (m, 1H), 3.14 (m, 1H),
2.97 (m, 1H), 1.47-1.42 (m, 9H), 1.30-1.27 (m, 4H). *C NMR (100.6 MHz, CDCl;) §172.0 (x
2C), 170.5 (x 2C), 170.2 (x 2C), 169.5, 169.3, 136.4, 135.1 (x 2C), 130.3, 129.8, 128.8, 128.6 (x
2C), 128.4, 128.4, 128.33, 128.3, 127.1 (x 2C), 127.0, 126.6, 80.7, 80.2, 78.5, 78.2, 61.8 (x 2C),
61.3 (x2C), 41.9 (x 2C), 41.1, 40.8, 40.5 (x 2C), 28.3, 28.2, 14.1 (x 2C). HRMS-DART (m/z2):
[M+H]" caled for C27H3N307, 514.2548; found, 514.2545.

8. Procedure for Three-Component Coupling

The reaction to produce 10daa in Figure 2-4 is representative. In a glovebox, to an oven-dried
vial with a stirring bar was added photocatalyst 4Cz-IPN (1.6 mg, 0.002 mmol), 1-methyl-1-
cyclohexanecarboxylic acid 1d (28.4 mg, 0.2 mmol) and styrene 9 (68.7 uL, 0.6 mmol) and ethyl
benzylformate 2a (31.8 puL, 0.2 mmol) and DMSO (1.0 ml). Then, Cs>,COs3 (130.3 mg, 0.4 mmol)

was added to the reaction mixture. The reaction was stirred and irradiated with a 34W blue LED
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(0.5 cm away) with a cooling fan to keep the temperature around 40 °C (Figure S2-1). After 1 h,
the reaction mixture was treated with saturated NH4CI aqueous solution (1.0 mL), then extracted
with diethyl ether (3 times) and dried over sodium sulfate. After filtration, the resulting solution
was evaporated under reduced pressure. After volatiles were removed under reduced pressure,
flash column chromatography on silica gel (100:0-97:3, hexane/EtOAc) gave 10daa (61.6 mg,
0.16 mmol) in 81% yield.

9. Characterization Data for Three-Component Coupling Products
Ethyl 2-Hydroxy-4-(1-methylcyclohexyl)-2,3-diphenylbutanoate (10daa)
HO Ph

CO,Et
Ph

The product 10daa was purified by flash chromatography on silica gel (100:0-97:3,
hexane/EtOAc) (Figure 2-4; 61.6 mg, 0.16 mmol, 81% isolated yield). The diastereomeric ratio
(1:1) is determined by '"H NMR. Colorless oil. IR (neat) 1024, 1070, 1104, 1234, 1447, 1719,
2923, 3497 cm ™. "H NMR (400 MHz, CDCl3) §7.84 (d, J = 8.0 Hz, 1H), 7.47-7.30 (m, 3H),
7.28-7.20 (m, 2H), 7.13-6.97 (m, 4H), 4.33 (m, 1H), 3.96-3.87 (m, 1.5H), 3.77 (s, 0.5H), 3.63
(m, 1H), 2.21 (m, 0.5H), 1.85 (m, 0.5H), 1.41-1.32 (m, 4H), 1.23-0.94 (m, 9H), 0.84 (m, 1H),
0.70 (s, 1.5H), 0.49 (s, 1.5H). *C NMR (100.6 MHz, CDCl3) §175.4, 174.4, 141.7, 140.8 (x 2C),
140.6, 130.3 (x 2C), 128.0, 127.7, 127.6, 127.5, 127.0, 127.0, 126.8, 126.7, 125.9, 125.8, 82.8,
82.2,62.8,62.4,49.5,49.4,43.8, 40.8, 38.8, 38.4, 38.3, 38.2, 33.4, 33.0, 26.3, 26.2, 25.1 (x 20),
22.0, 21.8, 21.8, 21.7, 14.1, 13.9. HRMS-DART (m/z): [M+NH4]" calcd for C,sH3sNOs3,
398.2690; found, 398.2691.

Ethyl 2-Hydroxy-3-(4-methoxyphenyl)-4-(1-methylcyclohexyl)-2-phenylbutanoate (10dba)
HO Ph

CO,Et

OMe

The product 10dba was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Figure 2-4; 56.7 mg, 0.14 mmol, 69% isolated yield). The diastereomeric ratio
(1:1) is determined by 'H NMR. Colorless oil. IR (neat) 1033, 1116, 1177, 1243, 1446, 1510,
1719, 2924, 3502 cm™'. '"H NMR (400 MHz, CDCl3) §7.82 (d, J = 7.6 Hz, 1H), 7.44-7.26 (m,
3H), 7.15-6.99 (m, 3H), 6.80 (d, J = 8.0 Hz, 1H), 6.54 (d, /= 8.0 Hz, 1H), 4.31 (m, 1H), 3.95—
3.85 (m, 1.5H), 3.79 (s, 1.5H), 3.75 (s, 0.5H), 3.66 (s, 1.5H), 3.59 (m, 1H), 2.15 (m, 0.5H), 1.79
(m, 0.5H), 1.39-0.94 (m, 13H), 0.85 (m, 1H), 0.70 (s, 1.5H), 0.50 (s, 1.5H). *C NMR (100.6
MHz, CDCl3) §175.5, 174.6, 158.3, 157.7, 140.9, 140.7, 133.7, 132.8, 131.1 (x 2C), 128.0, 127.5
(x2C), 127.0,126.7, 125.8,113.0, 112.4, 82.9, 82.4, 62.7, 62.3, 55.1, 54.9, 48.5, 48.5, 43.8, 40.9,
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38.8, 38.5, 38.3, 38.2, 33.3, 33.0, 26.3, 26.2, 25.3 (x 2C), 22.0, 21.9, 21.8, 21.7, 14.1, 13.9.
HRMS-DART (m/z): [M+NH4]" calcd for C26H3sNOs, 428.2795; found, 428.2801.

Ethyl 3-(4-Bromophenyl)-2-hydroxy-4-(1-methylcyclohexyl)-2-phenylbutanoate (10dca)
HO Ph

CO,Et

Br

The product 10dca was purified by flash chromatography on silica gel (100:0-95:5,
hexane/EtOAc) (Figure 2-4; 64.3 mg, 0.14 mmol, 70% isolated yield). The diastereomeric ratio
(1:1) is determined by "H NMR. Colorless oil. IR (neat) 1010, 1024, 1070, 1233, 1446, 1487,
1719, 2924, 3496 cm™'. "H NMR (400 MHz, CDCl3) §7.80 (d, J = 7.6 Hz, 1H), 7.42-7.31 (m,
4H), 7.16-6.98 (m, 4H), 4.32 (m, 1H), 3.97-3.85 (m, 1.5H), 3.78 (s, 0.5H), 3.60 (m, 1H), 2.13
(m, 0.5H), 1.77 (m, 0.5H), 1.40-1.32 (m, 4H), 1.21-0.93 (m, 9H), 0.83 (m, 1H), 0.70 (s, 1.5H),
0.48 (s, 1.5H). *C NMR (100.6 MHz, CDCls) §175.2, 174.3, 141.0, 140.5, 140.4, 140.0, 132.0
(x 20), 130.8, 130.1, 128.1, 127.72, 127.66, 127.2, 126.5, 125.7, 120.7, 119.9, 82.5, 82.0, 62.9,
62.5, 48.8, 48.8, 44.0, 40.9, 38.8, 38.5, 38.4, 38.2, 33.4, 33.0, 26.3, 26.2, 25.3, 25.1, 22.0, 21.8,
21.73, 21.69, 14.1, 13.9. HRMS-DART (m/z): [M+NH4]" calcd for C,sH3sBrNO;, 476.1795;
found, 476.1801.

10. Procedure for Radical Clock Experiment

In a glovebox, to an oven-dried vial with a stirring bar was added photocatalyst 4Cz-IPN (3.2
mg, 0.002 mmol), citronellic acid 1E (36.6 pL, 0.2 mmol) and ethyl benzylformate 2a (31.8 pL,
0.2 mmol) and DMSO (1.0 ml). Then, Cs,CO; (130.3 mg, 0.4 mmol) was added to the reaction
mixture. The reaction was stirred and irradiated with a 34W blue LED (0.5 cm away) with a
cooling fan to keep the temperature around 40 °C (Figure S2-1). After 1 h, the reaction mixture
was treated with saturated NH4Cl aqueous solution (1.0 mL), then extracted with diethyl ether (3
times) and dried over sodium sulfate. After filtration, the resulting solution was evaporated under
reduced pressure. After volatiles were removed under reduced pressure, flash column
chromatography on silica gel (100:0-97:3, hexane/EtOAc) gave 3Ea’ (39.0 mg, 0.13 mmol) in
64% yield.

11. Characterization Data for Cyclized Product
Ethyl 2-Hydroxy-3-methyl-3-(3-methylcyclopentyl)-2-phenylbutanoate (3Ea”)

HO Ph
CO,Et

The product 3Ea’ was purified by flash chromatography on silica gel (100:0-80:20,
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hexane/EtOAc) (Figure 2-5; 39.0 mg, 0.13 mmol, 64% isolated yield). The diastereomeric ratio
(1:1:1:1) is determined by "H-NMR. Colorless oil. IR (neat) 1019, 1064, 1166, 1242, 1365, 1446,
1710, 2949, 3499 cm™'. "H NMR (400 MHz, CDCl;) §7.77 (d, J = 7.2 Hz, 2H), 7.32-7.26 (m,
3H), 4.33-4.30 (m, 2H), 3.77 (s, 1H), 2.27 (m, 1H), 1.87-1.36 (m, 7H), 1.25 (m, 1H), 1.12-0.85
(m, 11H). *C NMR (100.6 MHz, CDCl3) §175.2, 175.12, 175.10, 175.07, 140.1 (x 2C), 140.0
(x20), 127.9 (x 2C), 127.8 (x 2C), 127.3 (x 4C), 127.1 (x 4C), 83.5 (x 4C), 62.4 (x 4C), 46.1,
46.0, 44.4,44.3,44.07, 44.05, 43.94, 43.93, 38.8, 38.3, 36.2, 35.8, 34.8, 34.7, 33.8, 33.7, 33.46,
33.45, 33.3, 33.2, 29.8, 29.3, 27.4, 26.9, 21.7, 21.6, 21.4, 21.3, 20.9, 20.83, 20.79 (x 2C), 20.6,
20.5, 20.2, 20.1, 14.1 (x 4C). HRMS-DART (m/z): [M+NH.4]" calcd for C19H3,NO3, 322.2377;
found, 322.2383.

12. Cyclic Voltammetry (CV) Experiments

CV measurements were carried out under nitrogen atmosphere in acetonitrile solutions with
0.1 M of tetrabutylammonium hexafluorophosphate (BusNPF4) as a supporting electrolyte.
Measurements were made with a glassy carbon electrode (area=0.07 cm? ), an Ag/AgCl reference
electrode, and a Pt wire counter electrode. The concentration of the sample solution was fixed at

10 mM and the sweep rates were set to 100 mV/s.

o o 0 0 0

Ph)kWOEt Ph)ng\/COZEt Ph)S(O\/\Ph Me)H(o\/\Ph ﬁo\/\’)h
0 0 0 0 0
2a 5a B c

A
Eyj2 (vs. Ag/AgCl) -1.27 -1.29 -1.30 -1.47 -1.66
Eyj2 (vs. SCE)2 -1.23 -1.25 -1.26 -1.43 -1.61

aE,,5 (V vs. SCE) = Eqj0 (V vs. Ag/AgCl) + 0.045 V

Figure S2-2. Summary of redox potetials
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Figure S2-7. Cyclic voltammogram of 2C

13. Calculation of Radical Stabilization Energys (RSEs)

The density functional theory (DFT) calculation was conducted using the Gaussian 09 program
7 Geometry optimizations were conducted using DFT method with UB3LYP functional '*. The
usual 6-31+G(d) basis sets were used for all atoms '°. We carried out vibrational frequency
calculations with CBS-QB3 * to obtain thermal corrections to enthalpies (H) at 0 K. Energies
were adjusted by adding a scaled (by 0.9806 *')

The BDE values of C—H bonds in substrates were calucated according to the following equation.

BDE (C_H) =AH C radical T AH H radical —AH C-H

The RSEs of ketyl radicals from a-ketocarbonyls were calucated according to the following
equation %,

RSE = BDE (CH,) —BDE (CHX3)
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radicals AH ¢ radical  AH H radical AH ¢y BDE (C-H) RSE
(Hartree) (Hartree) (Hartree) (kcal/mol) (kcal/mol)
*_H
(a) H{H -39.051594 -0.492414 -39.703674 100.2 0
o
(b) Ph)\ws —-934.796303 -0.492414 -935.346914 36.5 63.7
+N\/>
/
o
(c) . —600.891986 -0.492414 -601.448541 40.3 59.9
Ph”” “CO,Et
o
(d) . —-412.863760 -0.492414 —-413.430649 46.7 53.5
Me” “CO,Et
o
(e) < -528.468643 —0.492414 -529.040794 50.0 50.2
CO,Et
o
(f) —-542.853553 -0.492414 -543.420381 46.7 53.5

Figure S2-8. RSEs of ketyl radicals from a-ketocarbonyls
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0.59881402
0.57872277
2.03166773
2.49290896
2.80837873
4.06397559
5.01056504
4.48269642
3.87780986
5.99150312
5.19642535
4.59146035

1.96201626
2.54914711
2.55486900
3.72905890
2.08159180
3.73460936
2.09238934
4.32174148
4.19177611
4.20169791
5.25175981
0.65961658
0.09442479
0.52107891
-1.20572606
-1.95447345
0.01774356
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-2.18013650
-1.30354800
-1.27598160
-0.01700451
-0.92380557
0.88955409
-0.88964896
1.14492206
-0.02273351
0.75990506
-1.06936201
-1.03687365
-2.04557808
-0.00496112
-1.24610973
-2.02056856
-1.83605551
-3.07736945

0.03354147
-1.17515217
1.24118416
-1.17546949
-2.12724754
1.24069707
2.19394359
0.03250388
-2.12781217
2.19285973
0.03203630
0.03412610
-1.35501048
-2.47578761
-1.26697394
-1.68293292
1.24413018



™ T T QO

1.24865526
1.87840041

1.05929809

1.73455171

Optimization structure of (f) C-H

T D DT Oo@pzZzooaoozxxaomIzmIcoao@maomaoaaan

1.07619861
1.24434849
1.37247851
1.70931440
1.01051525
1.83663965
1.24006905
2.00519397
1.84157422
2.06996037
2.37134444
0.56285639
-0.12040074
-0.19303188
1.74219728
2.76263457
1.57130859
2.45264325
1.05975659
1.75468365
0.11659341
0.93563853

-1.03129860
-0.36394868
-0.62360905
-1.97937388

0.80837537
2.19355999
0.08190965
2.85129573
2.76632026
0.74011517
-1.00978948
2.12464630
3.94291406
0.16722590
2.64345879
0.08241910
0.77253171
-1.05871514
-0.34303830
-0.97047711
0.09331610
0.39175052
-1.02551797
-1.83830611
-1.34465597
-0.70798124

95

-1.98186459
-1.43144192
-2.95286052
-2.08165391

1.77605491
1.76171133
2.92931238
2.90031228
0.85255557
4.06849182
2.94093022
4.05396185
2.88942447
4.97760587
4.95168690
0.51864994
-0.03304078
0.93258901
-0.37563249
-0.09529323
-1.76893501
-2.13524922
-2.57356218
-2.53679518
-2.18177889
-3.58779348



14. Stern-Volmer Quenching Experiments

In a glovebox, to a screw-top 1.0 cm quartz cuvette was added 500 puL of a 40 uM
solution of 4CzIPN in degassed DMSO and 500 pL of cesium carboxylate 1a’ or a-
ketoester 2a (quencher) of appropriate concentration in degassed DMSO (quencher
concentration = 2 mM, 4 mM, 8 mM, 16 mM, 32 mM). Raw fluorescence intensity was

measured at A = 554 nm after excitation at A = 435 nm in the quartz cuvette.
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HoE EERENY T O v — PR AR AT LT U VRO
5 =ik 7 IV NAVSS

HH AR L OEERGH

BERRIEF L, RO T EF L SLHURE S G CIIMER N2 F A7 TE 5 &
[FIRF L AZRY S TSR T 2 @ ORI 2 BT 5 72 AR ZEICB W CIER ST b,
U OBRBER ST, R EREEL c RAR T AT AEN LR E NS X7 LA
F R, OB HEBEN T4 X7 VATF R THDH, RIOA Y I X7 VAT
RUTIRN T OREEE 3 fREESR L D G Rt ORI 8 2 7280 2 < OEFRE I I L
BRI S NI HERAIDOA ) TR LAF FiEEE AT D, 2 T TH, AR
TIVEREOLHERMIE, R ZEMESCEYBRBICHET D0 EETH D, ° BUEAR
ENTWAREERLIEH SN TWAH R AR YT X7 L HERiRRE & LT, & AR
B F AT — MEMIEIELCE L 7 4+ U Bl (RAKRB YT I — k), FARAFRET
X — MEREREDBER ST\ 5 (Figure 3-1), *

:Jf\o ff\o Hy\o
\@,Base K[Oj,Base \@,Base
0o R LYo "N o
_S/ \O e\r}l/ \O _S/ \o
\\@ABase Me O.__Base \\@,Base
phosphoro ., phosphoro j/ thiophosphoro
thioate o} R diamidate N amidate  HN
> L b
fomivirsen [1998] eteplirsen [2016] imetelstat [2024]
mipomersen [2013] golodirsen [2019]
nusinersen [2016] viltolarsen [2020]
inotersen [2018] efc. casimersen [2021]

Figure 3-1. 78 AR YT AT )AL EE KL

HChH, BMHIEOR AR Y = 2T b HEMI IR, AEMZ AT DL HEMEZRE
TIHMETH > ewm@E£2ElE L 2o, MW REHIZEMEZHERF T 5 2 LN TE 572D1ER
SNTWD, RARYZ AT IIVEDOIFGUERERIR % 7 /L VIRITER L 72T L% LR
AR R T AT AEHIKERRIL, BT HERIIE TH Y . W EE A R
LoD mHEMENZ EDRMESINTND, > L, WEROAERIETIE, VUV RFI
WA TE DERIEN, A TFIVIERE D 2 WVIEE RO ED/NS 2T XV IEITHITR
STV (Figure3-2), ZiLOITHEMESFMFICALZETH LD, AV AX T VAT
RE RO MK EDOFREN Do T-, ZDT=0, U RS EEWE =R T VL%
AT L Z ENTENE, BWVMERENREN 26T 2REREWMHERARYZ ATV
R L7220 | i e R IE SRS ORISR D Z LIRS D,
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conventional alkylphosphonates tert-alkylphosphonates (this work)

N o ’f\o N o
\@,Base \@,Basa \@,Base
9 o Q o 9 o
\ 7 \ q 2
Me~ P\O MeO. _~_ P\O C?XP\O
\\@, Base \\@, Base \\@, Base
\ \ sterically hindered \
OC O\\ phosphorous center OC
A - A
unstable under basic conditions robustness with higher chemical stability

Figure 3-2. 7 /L3 L7k A 7R VD = 2 T B HiE

R C(sp )T B AERIER O N e FIEE LT, IVRITF A 28D SN
FIsmid s, ¢ LinL, (EROFIETIE, DIVRDT A2 2RESE 572005 R % H
WAHREMNH Y | BRERFRMEOMENH 7=, 7 —F T, HE TR L OE
KALFH R FIEIC LY B2 T ISR SR T CAONRIFF AT 52k
MARE L 720 | BRx IpT a1 REZR & ORUGIZ LD C(sp’)—~T v i AT
EREh TS,

B OPT IR E TIX, YEBREN Z o i A2 ZE R (RPC: radical-polar crossover)
EIEHT 5 Z & T, WA E HOTIC VR I T A E MR & SRR AR S, fRa 7
KA & SR SEDFEEZRBICRI LTS, 2 BRI, At 7= ) F7 Y
AR IR T (PTH) 2R3 5 Z & T, flix O~7 v 51 REH & RgRE v
RUBHERTHD L Ky 7 ATEET ATV EORURIEY 0 ATy 7 ) 2 7 R i
T35 RH LTS (Figure 3-3), ZOJSTHE, JHEERE T PTH 5L F
v I AJEWET AT N~O—EBTBENEZ D, WRBEZE>TPTH 7NV F A4
ETNFRNLNT D HANERT D, HCTETAFALTIHNE PTH T VI F AN
BTV TFT AT, TIAXRNANLKR= T LAEZER TS, ZOT AFILALF=
LRIV T F A ERE LT, ~7 a J A REH & S E# 23, AR RPC #ts s
EHT 22 L TLMBEHNTICONRI T F L EMA LR ESEDLZENTE DD,
BWEHRETAMEEZ R L, BEICERE SN T2 —BIEET L2 LN TH
%
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o PTH (10 mol %) oh
o} LiBF4 (10 mol %) R _X :
HX + o1 K e N
o R)%I\O’N MeCN, r.t., 24 h R2 R3 @S/

(X=0,NR, S) R2 R3 0 blue LED PTH
nucleophiles redox-active esters alkylated products
light-driven radical-polar crossover
o Ph Ph
N , )
@/ O’ N N
A= L LT L LT
N blue LED S /s R3 S
LiBF, e _ *oBF N R, 7 R oBRs
o~ - CO, R R3
O — LiNPhth persistent transient .
1 N alkyl sulfonium
R o SET carbocation equivalent
R2R3 @)

Figure 3-3. HH&5 1Al c X B ~7 v J5U1->REEH] & BRRAIE I VRV BEREEAR D
Wikl a A h v 7)) v 7 R

UL EDOE B AIEE 2 T, JEREV S O h LM A i CRAE LTI AR D F A
EAMAZIEHT 52 & TR Y VRO =T VXSG TE S & 2 72,
Tt PTH RN VAR U BBHEERTHL LV Ny 7 AEET AT V2 W
DDTAXF VX7 VAT RiEE MBI 2 AT 58 Y V= X7 /)LD Michaelis-
Arbuzov B 7 VX AV GE ST LTz (Figure 3-4), AKUGNIE, 1) 7 ¥ I VAMERR 7
BHE CIERL LT VAR 0 T4 AR~ DRZRE U R O SRZBEE | 2) R L T2 7R AR
= LD OBk, AR CHEITT A EHEE LR, P

RO Me PTH RO

K&Base @S/Ni > K@,Base

. 0 A

Ph (.) 0 LiBF, o o
P * R N 1_PZ
NC\/LO o %O blue LED R0

RO RO
phosphites redox-active esters tert-alkylphosphonates
| |
light-driven RPC [-elimination
' |
bl NM € oxidative » H
Ph O /\ @S/ alkylation o /g\((KCN
NC\/LO’P\O R'-(* BF, Refa pn
R2 R® R2 R3 ®
alkyl sulfonium phosphonium

Figure 3-4. YEBRENH Z 20 7 )V —HRE A2 22 276 H L 7=
BT VX INR AR R Y T AT VAR

100



Bl bR E I3 ERAEFRI R FEC L > TRAESEET LR ILT O H L0 h L
ROFF o b Vo= IGHERRRE Y U ligm 2TV & DRIGIZ L D T IV X ILR AR
VEEY T AT NGB HIHE S TS, 1 L L, ZABORIETHE, MATE
A BT AT ANEY VBB R ZFLD LS B EEICREINS Z L%
<, B Y VR O E i~ HEE 720,

o E B ORRET
FROMEEGRICESE -7 ==XV 7 =/ F 7Y (PTHL) BXOT b
FINFRRTEEY FULFEF, TAFURE LT 2-7 = =/LA VEEEZHER (2a)
EHAWT H#Y VR ATV 1a OBURFER T VX /AL RIGIZ I 5 BB O ME 21T
>7- (Table 3-1), {LFEHED PTHI BX T T 7 A uRvigl) F 7 AFEF
TODFIVUMEEEBEEIE L LT 2-v T -V 2= V2 F A AT HE Y Uik
A7) (1a-1) & 2a 27 h=hU by oo Xy ORAEES 18 FEfE Al
S L& 2 A, Csp’)-PREBTERBIGEIT L, BIOT VX IVR ARV EEY = AT
JU 3aa HRIFRINERTH X272 (entry 1), 3aa XY 7T AT LA~ —LAS 1:1 OSARRNE
KOREWMTHY, VDTN T LI~ T T77 40— HTHBEELT-, T &
TUA~—0D 1 DOMEEE X Bk BERITIC X - TIRE L7, filfii&Eo PTH1 % H
WA TR, BEENME T L7 (entry 2), BIBERIZ 2-7 /-1,1-V A F L F L5 12
AT HHY VR ATV (1a-2) ZHWEHE TH, RAFRUGEET 3aa % 5 %72 (entry
3)e —Hh T, 2&7/1%%»:%wﬁ(m3)%2v7/i%w%(m4)%%%ﬁ
(W= AT O AERKY) 3aa T < RIEKRY 4 OERPHER I
(entrles4and5)o ZORIERYIL. 1a E VAR F AL DN L VB LR AR =
U AHFRERICEB DT B Do-> T LTI VR —RA5FDO M TOR T 1 ko
bR EITTHZ e TELTEEEBZLND, B 207D, 7= (1a-1) 70T 1,1-
PAF (1a2) FEEFT ORI, a->7 /AL TOEERZ 7 1 b AR R
TholeZ ENREBEINT,

Table 3-1. iz DO fET

TIPSO /%k]? TIPSO /447?0
ONaN__H O N
Ve PTH1 (1 equw) 77/NH
[e) LlBF4 (1 equiv.) 0o
R1 R2 O +Ph O o
NC\)(O,P\O K&f " MecNDCM  Ph P fkféo
o 10°C, 18 h x o

NH blue LED \Q’ NH
r S

AcO' AcO
1a-1-4 2a 3aa

entry phosphite substrate yield (%) of 3aa”
1 la-1: R'=Ph,R’=H 71
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2¢ 1a-1: R'=Ph,R*=H 20
3 1a-2: R', R*=Me 68
4 1a-3: R'=Me, R*=H trace
5 1a-4:R',R*=H trace

IS o
O

fas NC \>\§ X-ray structure of (Rp)-3aa 4
1a4 | c\/\§

“Each reaction was carried out with 1 (0.05 mmol), 2a (0.15 mmol), PTH1 (0.05 mmol) and LiBF4
(0.05 mmol) in MeCN (0.3 mL) and DCM (0.2 mL) at 10 °C under blue LED irradiation for 18 h.
""H NMR yields. “PTH1 (10 mol %) was used.

A OSSO ks K O E T O Mt

FNT, BEE LTHY VB 250 1a-1 AW, JEIED VRV BEELER 2a
EDOURTERL 7 v ATy 7Y o TN D RGO 21T > 7= (Table3-2) . PTH
DEHZBFF EOBEBBIEZRHF LIZE Z A, PTHL & WZB & el LT, N-A F L
Vb7 =/ FT7 Y (PTH2) IZRARREOIEET 3aa #5.27-—F T, N-H X V[b]
Z7x/)F7Tr (PTH3) TIHNENE LA Lo (entries 1-3), N-7 = =)L 7 = /
F7 Yy (PTH4) ZHWTEHATEEIINR 2L BGFONRN-T-Z LD, KRG
BWCRUV[B 7= ) FTVVERPEETHD Z ENRBR I (entry 4),

PTH1 & (36 BRI PTH2 1 IER S BB L 57 2 b B L FICAKRTE D
72, BAVIRT AT 4 =— & — & LT PTH2 % T, k& 2R EINAISCU I D 2h B % 5
T, 7 b7 7 Aa R Uig) F U L ENMZ 2 DGECMOTIF L LT~FH 7 v
Fa Y Y F LT NI TIAFRRUBS M) U LAERWESEETIE BROT L
XILR AR UIEY T AT VIR 3aa 13155172702 o 72 (entries 5—7) o Z3LH DFEEMND |
RKERNZEBWTCY TF LT AT N T INARRIBA T PNEETHL I LN
IRENTZ, TR R= NI AT oa A X 2 HMEER S L CHW=5E. 1a-1 DL
7 VX AU THEIT L7228, 3aa OUCRIFME T L7z (entries8and9), fthOyRHE &
LT, BBMERETHL AT IVANLVLAT I ReHWD E BT ELT., Mk
DIENWNT T ka7 7 020D EICRITIRKE UK T L7 (entries 10 and 11), s
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REZ 10 CTHH 0 CTNETITEBEAR20 TR 40 C~E RIFTBE T, IR
T L7 (entries 12—14),

Table 3-2. S 5140 el

TIPSO fkféo TIPSO /4&%0
(0)
N
\(_7’ 77/"“" PTH1 (1 equiv.) \(_7‘ Y NH
LiBF4 (1 equiv.) B 0
Ph +ph 0 o
NC\/j\ K(]? MeCN/DCM Ph P /ékfo
O N

10°C, 18 h 7< <
NH blue LED k@’ NH
Oy T

AcO' AcO
1a-1 2a 3aa
entry change from standard conditions yield (%) of 3aa’
1 none 71
2 PTH2 instead of PTH1 74 (70)
3 PTH3 instead of PTH1 37
4 PTH4 instead of PTH1 0
5¢ without LiBF4 0
6° LiPFs instead of LiBF4 trace
7¢ NaBF; instead of LiBF4 0
8¢ MeCN instead of MeCN/DCM 45
9¢ DCM instead of MeCN/DCM 53
10¢ DMF instead of MeCN/DCM 0
11¢ THF instead of MeCN/DCM 39
12¢ 0 °C instead of 10 °C 31
13¢ 20 °C instead of 10 °C 69
14¢ 40 °C instead of 10 °C 65

PTH1 PTH2 PTH3 PTH4

“Each reaction was carried out with 1a-1 (0.05 mmol), 2a (0.15 mmol), PTH1 (0.05 mmol) and
LiBF4 (0.05 mmol) in MeCN (0.3 mL) and DCM (0.2 mL) at 10 °C under blue LED irradiation
for 18 h. ”'H NMR yields. The number in parentheses is the isolated yield. “PTH2 (1.0 equiv.)

was used.
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oo RERICEREENWT, REOKRE Z1To72, £ By 7V I — 1
— & LT 2-7 = =/bA VEIEFHEIR 2a) ZHW, Y U270 1 Om %
FH~7 (Table3-3), FI V7S Tk, vFTY (Bba3dda) T XL T T /v

(Bea), TAXT T T T (3fa) BEFEII, JSTDE M7 VX NVRAR BT
T AT R E G272, 3ea & 3fa OUCEMET LK E LT, 7V S HEERORER 72
N7 (LD T IV NALRCELEN DRI R EZ B D, ¥ 3-OH OR#EREL LT ter-7 F
NI AFN Y NEEET LY VB AT L EHWEGEAETYH ., MR < BOSDEST
L7z (3ca),

Table 3-3. #E Y L fig AT /L DT

Q.0

Ph

MeCN/DCM 7< - o

0 e

Base (0] 10°C. 18 h KQ,Base
blue LED \

PGO PGO

o Me PTHz2 TIPSQ
~Cye Jor s e SR O e
o S B
Ph Q Q \ LiBF,

1 2a 3

TIPSO %/NHBZ TIPSO KQ/NHBZ TIPSO f(]éo
mw S~y SO
O > (0] . O

9 o 9 o
Ph F’\o f#o "o fk]éo F>\o %/NHBZ
7< N 7< N 7< O__N /

Z=

o
Oty Oty Oty
AcO © TBSO © AcO ©
3ba, 52% 3ca, 50% 3da, 46%
o)
TIPSO =N N 0X
O.__N NHBz TIPSO (/ {  NPh,
S SOt
= o)
Q //O N\v R N ‘<
i

AcO
3ea, 33%” 3fa, 5%°

“Each reaction was carried out with 1 (0.05 mmol), 2a (0.15 mmol), PTH2 (0.05 mmol) and LiBF4
(0.05 mmol) in MeCN (0.3 mL) and DCM (0.2 mL) at 10 °C under blue LED irradiation for 18 h. ®
PTH2 (1.5 equiv.), LiBF4 (1.5 equiv.) and RAE (5.0 equiv.) were used ‘PTH2 (2.0 equiv.), LiBF4 (2.0
equiv.) and RAE (5.0 equiv.) were used.

104



T, REEAIE LT 1a-1 ZHWT, JBIIIE S VAR CEEFHEAR 2 o i &
L7 (Table3-4), BB A EAML CIIMUGR & 720155 C(sp?)-Br i A& 263 2Bk
VR CBEREARDOEHA N ATRETH - 7= (3ab), £7-. ¥ix RBIRREBEHREH T 505
BEE A VAR SR A CTE | ST DT VKN RAR Ry T AT WK% BRI 72
INRTH 27 (Bac-3af), IHIZ, KVEBWY 7=/ AF)VEE Y U RLIEAT
HZEHLAEETH - (Bag), ARBUGIE, NPT T, BHRIF ORI 1
72 EDO~T a A Oafi THER < HETT L7z (3ah-3aj),
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Table 3-4. SRS D VR VR EK DG ¢

TIPSO /ékfo TIPSO /4(/40
K@;N O N

™ o SO
O PTH2, LiBF, g
Ph O o) IBF4 S e}

\)\ FI’ ' R%J\O/N 1 Q /’O
NG P MeCNDCM  R1_PZ
v ka,éo R2 R3 0 10°C, 18 h K] T F°

o}

2 R3

NH blue LED R°R KQ’ NH
~Ory T
AcO 0 AcO ©
1a-1 2 3

3ab, 58%" 3ac, 62%®? 3ad, 34%

TIPSO /4#0 TIPSO /44240 TIPSO /4#0

S (@)
0 K@f %ﬁo
N

o

= (0]
N Ph><
7]/ NH 7]/ NH 7]/ NH
Boc (6] O
3ae, 51% 3af, 30% 3ag, 44%

TIPSO /4(%0 TIPSO fkfo TIPSO &o
O O (0)
~Cr e “
e 9o ° Q0
BocHNxP o &O BocHN__P< 4 &O Pho7<F>\o fgéo
N 6 N N

3ah, 77% 3ai, 93% 3aj, 55%

“Each reaction was carried out with 1 (0.05 mmol), 2a (0.15 mmol), PTH2 (0.05 mmol) and LiBF4
(0.05 mmol) in MeCN (0.3 mL) and DCM (0.2 mL) at 10 °C under blue LED irradiation for 18 h.

bEach reaction was carried out at 20 °C.
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FEVUET OSSR AEAT

ARSI D SRS 2 B 5 2029 WL DO OFEER 21T > 7~ (Figure3-5),
T T RTINFaRTR)F U LAOFETFT PTH2 &L Ry 7 RAIEEZ AT )L 2a
DA BRI R S AT, BEE R BT LTIV A LR = AR ZBIZE L=, 4 FRRE
ARDERRE L7, =L 7 b e AT LRI X o TRISER Z 0 Lk 2 A, st
FTAHTNVFINVAIVKR=T LD EMHER TE Iz, L L, BRI YEIEIC X DT
RTIWVHINVANVR=T LT 52 L X TERenoTe,

TAD OIEIERIZIB VT, 4 RO REDEEE & 2a DIF & A EDRMIG TEIY
SNz, —FT, Y U AT 1a-1 &Y EINZE CEE T TGS EEET
1%, 2a DEHRN 6% ETLER Lz, ZOFfEENS, 1a-1 N Ry 7 AEHET 2T /L
DEBIBE 52D EPNRBRENT, £, ~UEOF I VEFRMLEEATH 2a
DOEMHFEN LS Uiz, 7 VAT y FBIL, BB GETCMEE 5 L Ry 7 ZAiEET 2T
NA~D—EFBINCEEGE L, TAXILTOINVOREELRET I ENRHLNTND
Il PLEDZ END | RRIGIZBWT, 1a-1 OF I 55 @NH%#7V/XT/F
el LTI 2 & T L Ry 7 AR 2T )L 2a ORI REHICH G L TNWDH EE
b,

LiBF4 (1.0 equiv.) Ph7< |
/ MeCN/DCM
10°C,4h

detected by
blue LED ESI-HRMS

LiBF4 (1.0 equiv.)
PTH2 p, conversion of 2a

MeCN/DCM
10°C,4h w/o 1a-1, 1%
blue LED with 1a-1, 96%

with thymine, 28%

Figure 3-5. 1% 5250

FEWNT, DTNV RTFF 34 E O A1T > 72 (Figure3-6), £7. Aggarwal
BT & o THAE I = A OB L ARIERY 22 VR 1 A4 RS 1 G, 1a-1 Ok
7 XL ERE L7en, BIUO 3aa TG oNRhoTz, ZHUX, IIAlE L
TMZ TS RY A aFRICE > T 1a-l BORLEZ EBNFRZEEEX b5,
iz H ., VA ARE W2 T L a—Linb DA NVER B F 4 3 EEE RV T-RetbiT-
oo WA REEE LCRBERED U 7 A A X ALK VIR N U AF LT U LRk
FHEmEO I Vb#ign, WE L LTHY VBT ATV 1la-l BEIN2-7 = =/1-2-7Fm X

J = (5a) MV, R AEEHRINBSE T TS S B, LavL, 3aaldfibh
P EHRNRAME G2 DR o, TNDDORERMNS . FBRRKETHNR S F
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F o B FEETE DARISOA MM /R Sz,

e Q0
\7]/NH
o 4CzIPN 2 mol %)
Ph (I) TFA (1. 5 equiv.)
NC P< 3aa O
\/ko fe) o /4(%0 MeCN, 40 °C, 2 h N N O
N

KQ, W/NH blue LED n.d. O N O
AcO 0
1a-1 4CzIPN
TIPSO f%éo
O N
YNH TMSOTf (20 mol %)
- O\; o Ph. _OH or Znl; (1.5 equiv.)
, + X 3aa
NC\)\ =N toluene
o 0 o = N\=0 5 110 °C, 15-24 h g
AcO o

1a-1

Figure 3-6. fth.o> J7 /LN T F A 3 A 1B 2 O T ket

BHE AY X7 L AF KA

ARFEICIOBRER LEEMTNAIVRAR B AT AEGEEZEAN LAY 2
X7 VAF ROEKERAT-, £T. HMT VIV FAR PR AT )L 3aa DY
TAT VA —%ENENHEEL, ST H5HRAFmT I 44§ 32a-3 ~OiFE L%
To7- (Figure3-7), 7 E=T/AFNT I UAKIZE D 37-0-T 2 F VIOl b
W< 7T NI TFNLTE=TLTNAY R (TBAF) I2L5 5-0-F VA YTy
IWEEDONURHEZITV, T D VA4 — VR 3aa-1 Z157-, &kiZ, 5507~ 3aa-1 2
VOV SRE T T44-U A X R F 7l K (DMTIClD) ERIGSHEDZ &
T, 5°-O-DMTr 1K 3aa-2 &k L7c, &2, 3aa-2 L7 iR AdRnT I XA M3
EDRISIZEY BIOKRAFR BT I XA MK 3aa-3 ~LFE L7z, ZhbOFHE({LD
BIZ W 7 M S50 TBAF S 1238\ CL 3 =k 7 LS LR AR ViR Y AT LAk
EDNRET CIIHER S NI -T2 Z LD . MG OB EM IR ST,
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(0] o, O
N 28% NH3 aq/ N
k@’ N 40% MeNH, (1:1) N
O\\‘ 0 rt, 30 min : o) DMTrCI (3.0 equiv.)
\ /O \

Ph_ P then TBAF (1.5 equiv.) Ph P\ pyridine

N OK@»N&O THF, t, 1.5 h < t, 16 h

™ *@ wH

AcO 0

(Rp)/(Sp)-3aa (Rp)-3aa-1, 60%
(Sp)-3aa-1, 63%

DMTrO f(féo
o] O N
DMTrO &O )\ . \\Q‘ NH
) Py~ CN \ \7]/
N__NH N™ "0 0
\77/ /I\ i O O
0 (2 equiv.) \P\
O o O

Ph. P f(fo DIPEA (3.0 equiv.) \Q» NH
A oL _n MeCN 77/
\ N 0°Ctort, 1h
0

HO' /L P So N
(Rp)-3aa-2, 82% )\ (Rp)-3aa-3, 26%
(Sp)-3aa-2, 97% (Sp)-3aa-3, 58%

Figure 3-7. 5=k T VFNRAR VBT T AT ANLRAROT 2 XA b ~DFFEAL

AR LTEEARARET 2 H A b (Ry)-32a-3 BL O 5-0-DMTr-F 2 ¥ (dT) HEDK
AFRaT IHA b 6a V., RAKTaT IX A METICKDHEEMARK " 21T
TET, BEMTAFNVRARVBY AT AEE T LH24) I X7 L4 F R
(Oligo-1) %A L7= (Figure 3-8), AR T I XA MELIX, RAKFOT I XA b
ESOHDOH 7Y 7 UL ORE{E, DMTr EOBLRED Y1 7 V& B OHE
IZRDFETHDIRL, EOREMEANLEY T2 & T, BROF Y IXLAF R
AT L FETH D,

DMTrO f(fo
O N

NH
HO =N\_0 \ (Z]/
o o
N77/NH )\ IC'D) CN
O\‘ o N~ \O/\/
OH Rp-3aa-3 Ph ) ”O 6a
O S 0 —— e+ X8 —
1. coupling K@» NH 1. coupling
2. oxidation 7]/ 2. oxidation
3. detritylation 3. detritylation
O /\/CN

Oligo-1

Figure 3-8. HENEFHGHIEIC L D24V I X7 LATF ROERK
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FIFEOFIEICLD, oAU XL AF K (Oligo-2—Oligo-8) % &% L. WitHikiA s
0~ NJT 7 4 =BT D RFFREE A ik U 7- (Figure3-9), 55 =#k 7 V¥ /LR AR
fe T AT WA BT HAY X7 LAF K (Olige-1-Oligo-5) 1%, KIREID 7K A 7K
VAT NAEGDHRINBIR D Oligo-6 & REEDIRETERT D2 ENARETH T,
— 5T, WHRIKZ o~ N 7T 7 4 —I2 X B8 TlX. Oligo-1-Oligo-5 (%, KIAH D
Oligo-6 L VD BIRACRFFRFR N RS RV | BB =T VT IVR AR BT = 2T )V E&
DEANIZ XV BUKMERR T2 Z EAURM S, £72, Se BT R B L 0 L REFR
MWEL, XVBKMETHD Z LR E 7 (Oligo-1 vs Oligo-2 / Oligo-3 vs Oligo-4) .
Oligo-1-Oligo-5 | %, fhD> & fm DL FER LT (Oligo-7 and Oligo-8) & Hiz LT,
L0 BRWRFIRE A2~ L7z,

oligonucleotides retention time (min)

O OH OOH OOH O OH O#—Ph

oige-t @@@@@@@@@@ 509

o OH o OH o OH o OH

O, OH O, OH O, OH O OH 0, Ph

/

olge-2 @@@@@@@@@@ >4

o OH o OH o OH o OH

O, OH O, OH df;—Ph O, OH O, OH

ot @@ ~ @ Q(Rm D @ ~ O 20

o OH o OH o OH o OH

O, OH O OH O#—PhOOH 0, OH

ot @@, S @, @5@ Y @, S ® 289

o OH o OH o OH o OH

0+Ph O, OH OOH O OH O#—Ph

olge-s GDSED D @, S @, D @, L’B(s’@ 508

O OH O OH O OH O OH
O OH O OH O OH O OH O OH
ot 0"9.0"0,0"0,0'9,.070 204
O OH O OH O OH O OH
O OH O OH O OH O OH O OEt

o’ 60,006,000 0.00 263

o OH o OH o OH o OH
MeO

Oligo-8 O OH OOH OOH O OH o\\ 068

@@@@@@@@@@

o OH o OH o OH o OH

Figure 3-9. Ak L7=A4 U I X7 L AT ROBUKIED g
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FOSHED AR

HERENEL Z 2 LA R TR LI DV I F A VA 21595 2 & T
Bl VR OF =T VI IALBOS OBHFIZRE LTc, REOSIE, 1) 7 2 vtk
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1. Instrumentation and Chemicals

NMR spectra were recorded on a Bruker AVANCE NEO 400N spectrometer, operating at 400
MHz for 'H NMR, 100.6 MHz for *C NMR, and 162 MHz for *'P NMR. Chemical shift values
for 'H and *C are referenced to Me4Si and the residual solvent resonances, respectively. Chemical
shifts were reported in & ppm. Mass spectra were obtained with Bruker Impact HD mass
spectrometer (ESI). TLC analyses were performed on commercial glass plates bearing a 0.25-mm
layer of Merck Silica gel 60Fssa. Silica gel (Wakosil® 60, 64~210 um) was used for column
chromatography. Biotage Selekt was used for purification. Gilson GX-281 was used as a
Preparative HPLC. The column was YMCActus Triant C18 (5020 mmlI.D., 5 um) with a flow
rate of 25 mL/min at room temperature. Melting points were measured on a Stanford Research
Systems MPA100. Kessil AI60OWE 40W Tuna Blue (highest blue and intensity setting) was used
as a light source. Techno Sigma UCR-150N was used as a cryocooler. TEKNOS MG9 was used
as a fan.

For Prep-HPLC, Waters MS-trigger HPLC systems equipped with YMC-Actus Triart C18 (30
mm ID x 100 mm L, 5 pm) column and Waters Acquity QDa MS detector were used. The eluent
was 10mM NH4HCO; aq./MeCN. GeneDesign ns8-I oligosynthesizer was used for the
automated solid-support synthesis of oligonucleotides. Oligonucleotides were analyzed for
characterization by a Waters Xevo G2-XS Qtof UPLC-MS system (ESI-Qtof) with a ACQUITY
UPLC OST C18 (1.7 um, 2.1 x 50 mm) column. The eluent was 240 mM hexafluoroisopropanol/7
mM triethylamine aqueous solution containing 5% MeOH and the methanolic solution (100%
MeOH). For distillation of volatile components, a Thermo Scientific SAVANT SPD2010
SpeedVac Concentrator was used. Quantification of oligonucleotides was conducted based on UV
absorbance measurement on Unchaind Labs LUNATIC.

All reactions were carried out under nitrogen atmosphere. Materials were obtained from
commercial suppliers listed as below and stored under nitrogen and used as received or prepared
according to standard procedures unless otherwise noted. PTH1 and PTH3 were prepared by the
reported procedure.! PTH2 was prepared by the methylation of benzo[h]phenothiazine with
iodomethane.” PTH4 was prepared by the reported procedure.’ LiBFs, NaBF. and LiPFs were
purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received. MeCN,
DCM, DMF, THF and toluene were purchased from FUJIFILM Wako Pure Chemical Co., stored
under nitrogen, and used as received. Alcohol S1-1 was prepared by the reported procedure.*
Alcohol S1-2 was prepared by the reported procedure.’ Alcohol S1-3 was prepared by the reported
procedure.® Phosphordiamidite $2-3 was purchased from Tokyo Chemical Industry Co., stored

under nitrogen, and used as received. Redox-active esters 2a-2k were prepared according to the
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reported procedure.” Thymine was purchased from Tokyo Chemical Industry Co., stored under
nitrogen, and used as received. 4CzIPN was prepared by the reported procedure.® Trifluoroacetic
acid (TFA) was purchased from Nacalai Tesque Inc., stored under nitrogen, and used as received.
2-Phenyl-2-propanol (5a) was purchased from Tokyo Chemical Industry Co., stored under
nitrogen, and used as received. Trimethylsilyl trifluoromethanesulfonate (TMSOTf) was
purchased from Tokyo Chemical Industry Co., zinc iodide (Znl») was purchased from FUJIFILM
Wako Pure Chemical Co., stored under nitrogen, and used as received. Phosphites 1g and 1h were

purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received.

2. Characterization Data for Redox-Active Esters

1,3-Dioxoisoindolin-2-yl 2-(4-Bromophenyl)-2-methylpropanoate (2b)

B (0]
r 0
N
o
(0]

White solid. M.p. 125-127 °C. 'H NMR (400 MHz, CDCls) 57.88-7.85 (m, 2H), 7.80-7.76
(m, 2H), 7.56-7.52 (m, 2H), 7.39-7.35 (m, 2H), 1.76 (s, 6H). *C NMR (100.6 MHz, CDCL)
51727, 161.9, 141.6, 134.7, 131.8, 128.9, 127.6, 123.9, 121.5, 46.0, 26.7. HRMS—ESI (m/2):
[M+H]" caled for CisHisBrNO., 388.0179; found, 388.0187.

1,3-Dioxoisoindolin-2-yl 1-Phenylcyclobutane-1-carboxylate (2¢)

O
O r S >
Ph O,N
O
White solid. M.p. 93-96 °C. "H NMR (400 MHz, CDCl;) 57.86-7.84 (m, 2H), 7.77-7.75 (m,
2H), 7.45-7.40 (m, 4H), 7.32 (m, 1H), 3.11-3.04 (m, 2H), 2.74-2.67 (m, 2H), 2.25 (m, 1H), 2.01
(m, 1H). *C NMR (100.6 MHz, CDCL3) §172.2, 161.9, 141.1, 134.6, 129.0, 128.6, 127.4, 126 4,

123.8, 50.9, 32.6, 16.8. HRMS-ESI (m/z): [M+NH4]" calcd for CioHoN2O4, 339.1339; found,
339.1337.

1,3-Dioxoisoindolin-2-yl 1-Phenylcyclopentane-1-carboxylate (2d)
O
o}
Ph O,N: §
O
White solid. M.p. 84-87 °C. "H NMR (400 MHz, CDCl3) §7.85-7.83 (m, 2H), 7.77-7.75 (m,

2H), 7.50-7.48 (m, 2H), 7.42-7.39 (m, 2H), 7.33 (m, 1H), 2.82-2.76 (m, 2H), 2.17-2.10 (m, 2H),
1.95-1.84 (m, 4H).3C NMR (100.6 MHz, CDCLs) §172.6, 162.0, 141.1, 134.6, 129.0, 128.6,
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127.4, 126.8, 123.8, 58.0, 37.1, 23.8. HRMS-ESI (m/z): [M+NH4]" caled for Cz0H21N,Os,
353.1496; found, 353.1501.

1,3-Dioxoisoindolin-2-yl 4-Phenyltetrahydro-2H-pyran-4-carboxylate (2e¢)
O
0 }:g >
Ph oN
@)
o

White solid. M.p. 122-124 °C. '"H NMR (400 MHz, CDCl3) §7.88-7.85 (m, 2H), 7.79-7.77
(m, 2H), 7.53-7.51 (m, 2H), 7.47-7.43 (m, 2H), 7.37 (m, 1H), 4.07-4.02 (m, 2H), 3.88-3.81 (m,
2H),2.65-2.61 (m, 2H), 2.21-2.14 (m, 2H). *C NMR (100.6 MHz, CDCl3) §171.0, 161.8, 140.7,
134.8, 129.0, 128.9, 128.0, 125.8, 123.9, 65.3, 48.9, 34.8. HRMS-ESI (m/z): [M+H]" calcd for
C20H1sNOs, 352.1179; found, 352.1175.

1,3-Dioxoisoindolin-2-yl 2,2-Diphenylpropanoate (2g)

O
O
Ph _N
o
Ph O

White solid. M.p. 114-118 °C. '"H NMR (400 MHz, CDCls) 57.88-7.86 (m, 2H), 7.78-7.76
(m, 2H), 7.44-7.30 (m, 10H), 2.17 (s, 3H). *C NMR (100.6 MHz, CDCL;) 5171.9, 161.9, 142.3,
134.7, 129.0, 128.4, 128.0, 127.5, 123.9, 55.8, 27.1. HRMS-ESI (m/z): [M+NH.]" calcd for
Ca23Ha1N2 04, 389.1496; found, 389.1506.

1,3-Dioxoisoindolin-2-yl 2-Methyl-2-phenoxypropanoate (2j)

o
0
Ph N
07&0,
o

White solid. M.p. 7477 °C. "TH NMR (400 MHz, CDCl3) §7.92-7.89 (m, 2H), 7.81-7.79 (m,
2H), 7.35-7.31 (m, 2H), 7.11-7.06 (m, 3H), 1.79 (s, 6H). *C NMR (100.6 MHz, CDCl;) 5 170.9,
161.8, 154.6, 134.8, 129.4, 128.9, 124.0, 123.2, 120.2, 78.6, 25.7. HRMS-ESI (m/z): [M+NH4]"
calced for CisH19N2Os, 343.1288; found, 343.1287.
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3. General Procedure for Synthesis of Phosphites

TIPSO KQFO
O__N

HO Kgéo
O__N
7]/ NH 7]/ NH TIPSO =\_0
= o N o o
AcO

N [¢) TIPSO N
. iPr JiPr HO N 7I/NH
RIR2 iPr—p pr NEl (11 equiv) “Fr’{z\",‘ " (1.0 equiv.) W/NH (1.1 equiv.) ¢ o
NC\)/\OH * C|/P\N/I Et,0, 12h NC\R)LO'F\N' ' Ph, , 0 o 1H-tetrazole (1.1 equiv.) R1R? P<o _
Pr iPr Ny ot RIRES ipr MeCN, 3 h Ne 0 o o
SN ne o N K@,N)ﬁNH
1.0 equiv. 1.0 equiv. (1.1 equiv.) iPr \ z
MeCN, 3 h AcO
S1-1R'=Ph,R2=H S2-1R'=Ph, R2=H S3-1R'=Ph,R2=H 1a-1R'=Ph,R2=H
S1-2R', R2=Me S2:2R', R?=Me S3-2 R, R2=Me 1a-2 R', R2 = Me
S1-3R'=Me, R2=H S23R'=Me, R2=H S3-3R'=Me, R2=H 1a-3R'=Me, R2=H
S1-4R', R?=H S2-4R', R?=H S3-4R', R?=H 1a-4R', R?=H

Figure S3-1. Synthesis of phosphites

Synthesis of 1a-1 as a representative (Figure S3-1). Phosphordiamidite S2-1 was prepared
according to the literature.” To a solution of 5’-O-TIPS thymidine (1.0 g, 2.5 mmol) and
phosphordiamidite S2-1 (0.94 g, 2.5 mmol) in MeCN (20 mL), 1-phenyl-1H-imidazol-3-ium
trifluoromethanesulfonate (0.81 g, 2.75 mmol) was added. The reaction mixture was stirred for 3
h at room temperature under a nitrogen atmosphere. After the solvent was removed under reduced
pressure, purification by flash column chromatography on silica gel (Biotage Selekt, 95:5-70:30,
hexane/EtOAc) gave the phosphoramidite S3-1 as a white amorphous solid (1.23 g, 1.82 mmol,
73%).

To a solution of phosphoramidite S3-1 (1.22 g, 1.82 mmol) and 3’-O-Ac thymidine (0.57 g, 2.0
mmol) in MeCN (7 mL), 1H-tetrazole (0.14 g, 2.0 mmol) was added. The reaction mixture was
stirred for 3 h at room temperature under a nitrogen atmosphere. After the filtrate was
concentrated under reduced pressure, purification by flash column chromatography on silica gel
(Biotage Selekt, 50:50:0-50:40:10, hexane/EtOAc/MeOH) gave the phosphite 1a-1 (1.37 g, 1.60

mmol, 88%) as a white amorphous solid.

4. Characterization Data for Phosphites and the Synthetic Intermediates
3-{[Bis(diisopropylamino)phosphaneyl]oxy}-3-phenylpropanenitrile (S2-1)
iPr\N”iPr
Noj\o’\P\"{/ipr
iPr
S2-1 was purified by flash chromatography on silica gel (70:29:1, hexane/EtOAc/NEts)
(Figure S3-1; 10 mmol scale; 3.24 g, 8.58 mmol, 86% isolated yield). White solid. The spectrum

data of S2-1 was consistent with the literature.’
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Phosphoramidite (S3-1)

TIPSO —\_0O
o

\ \7]/NH
o o

j\ Py T
NC (0] \iPr

S3-1 was purified by flash chromatography on silica gel (Biotage Selekt, 95:5-70:30,
hexane/EtOAc) (Figure S3-1; 2.5 mmol scale; 1.23 g, 1.82 mmol, 73% isolated yield). The ratio
(2:2:1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid. 'H
NMR (400 MHz, CDCls) §8.21 (brs, 1H), 7.48-7.31 (m, 6H), 6.37 (m, 0.33H), 6.15 (m, 0.67H),
5.00 (m, 1H), 4.65 (m, 0.33H), 4.40 (m, 0.67H), 4.11 (m, 0.33H), 4.01-3.87 (m, 1.33H), 3.81—
3.51 (m, 3.34H), 2.82-2.75 (m, 2H), 2.47 (m, 0.33H), 2.27 (m, 0.33H), 2.15 (m, 0.67H), 1.96—
1.81 (m, 3.67H), 1.28-0.96 (m, 33H). *C NMR (100.6 MHz, CDCl3) §163.6, 150.3, 150.2, 150.1,
140.1, 140.1, 139.9, 135.4, 135.4, 135.3, 128.7, 128.7, 128.6, 128.6, 126.1, 126.1, 126.1, 126.0,
116.9, 116.8, 116.8, 111.0, 110.8, 110.8, 110.7, 86.8, 86.6, 86.6, 86.4, 86.4, 84.7, 84.6, 84.5, 73.7,
73.5,73.3,72.2,72.0, 71.2, 71.0, 63.4, 63.3, 63.2, 43.5, 43.4, 43.3, 43.2, 40.1, 40.0, 39.9, 39.8,
39.8, 28.4, 28.4, 28.3, 28.3, 24.7, 24.6, 24.6, 24.6, 24.5, 24.5, 24.5, 24.4, 24.2, 24.1, 24.0, 18.0,
18.0, 12.3, 12.3, 11.8, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;) 6 149.8, 149.6,
148.3, 147.7. HRMS-ESI (m/z): [M+Na]  calcd for C3sHssNsNaOePSi, 697.3521; found,
697.3526.

Phosphite (1a-1)

TIPSO /4(/40
~"r

N _NH
I

pn Q
P-
Ne_ =0 OK@’ kafo
NH
r

o)

AcO
1a-1 was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,

hexane/EtOAc/MeOH) (Figure S3-1; 1.82 mmol scale; 1.37 g, 1.60 mmol, 88% isolated yield)
The ratio (1.3:1.2:1.1:1) of diastereomers was determined by *'P-NMR analysis. White
amorphous solid. "H NMR (400 MHz, CDCls) §9.09-8.90 (m, 2H), 7.52-7.28 (m, 7H), 6.34—
6.21 (m, 2H), 5.40 (m, 1H), 5.19 (m, 1H), 4.83 (m, 1H), 4.17-3.53 (m, 6H), 2.94-2.75 (m, 2H),
2.43-2.04 (m, 7H), 1.99-1.88 (m, 6H), 1.14-1.05 (m, 21H). *C NMR (100.6 MHz, CDCls)
0170.7,170.5,170.4, 170.4, 163.7, 163.6, 150.3, 150.2, 139.3, 139.2, 138.9, 138.7, 136.2, 135.3,
135.2, 135.1, 135.0, 134.9, 129.4, 129.3, 129.3, 129.2, 129.1, 125.9, 125.8, 116.7, 116.6, 116.6,
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116.5,111.6,111.4,111.4,111.3,111.1, 111.0, 111.0, 86.3, 85.9, 85.0, 84.7, 84.6, 84.5, 84.4, 83 .4,
83.3,83.2,74.7,74.4,74.2,74.1, 73.9, 73.8, 73.5, 73.4, 71.6, 71.6, 71.5, 71.4, 71.0, 70.9, 70.7,
70.7, 63.1, 63.0, 63.0, 62.6, 62.4, 62.3, 62.1, 40.0, 39.9, 39.7, 37.3, 37.2, 37.2, 37.1, 37.0, 28.1,
27.9, 21.0, 20.9, 18.0, 12.6, 12.6, 12.3, 11.8, 11.8 (only observed peaks). *'P NMR (162 MHz,
CDCls) 6140.0, 139.9, 139.9, 139.2. HRMS-ESI (m/z): [M+NH,4]" calcd for C40HesoN¢O12PSi,
875.3771; found, 875.3772.

3-{[Bis(diisopropylamino)phosphaneyl]oxy}-3-methylbutanenitrile (S2-2)

iPr
iPr—N

: iPr
P<p”
NC\>LO N

iPr

S2-2 was purified by flash chromatography on silica gel (70:29:1, hexane/EtOAc/NEts)
(Figure S3-1; 3.3 mmol scale; 789 mg, 2.4 mmol, 73% isolated yield). White solid. M.p. 57—
59 °C. '"H NMR (400 MHz, CDCl;) §3.62-3.53 (m, 4H), 2.59 (s, 2H), 1.51 (s, 6H), 1.20-1.16
(m, 24H). ®C NMR (100.6 MHz, CDCl;) 5118.1, 74.2 (d, Jcp = 17.4 Hz), 45.0 (d, Jc» = 13.4
Hz), 32.9 (d, Jcr = 4.9 Hz), 28.1 (d, Jcr = 10.2 Hz), 24.4 (d, Jcp = 5.7 Hz), 24.0 (d, Jc» = 8.4
Hz). *'P NMR (162 MHz, CDCl3) §99.6. HRMS—ESI (m/z): [M+H]" caled for Ci7H37N;0P,
330.2669; found, 330.2675.

Phosphoramidite (S3-2)

TIPSO /4#0
SOty
Q iPr ?
NC)LO'P\N_/
iPr

S3-2 was purified by flash chromatography on silica gel (Biotage Selekt, 93:7-65:35,
hexane/EtOAc) (Figure S3-1; 1.5 mmol scale; 621 mg, 0.99 mmol, 66% isolated yield). The ratio
(1.2:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid. '"H NMR
(400 MHz, CDCls) 6 8.89 (brs, 1H), 7.45 (s, 1H), 6.34 (m, 1H), 4.54 (m, 1H), 4.13 (m, 1H), 4.00—
3.85 (m, 2H), 3.67-3.58 (m, 2H), 2.66-2.40 (m, 3H), 2.07 (m, 1H), 1.90 (s, 3H), 1.52—1.50 (m,
6H), 1.22-1.09 (m, 33H). *C NMR (100.6 MHz, CDCl;) §163.8, 163.8, 150.3, 150.2, 135.3,
135.3, 117.4, 117.4, 110.8, 110.8, 86.9, 86.8, 86.6, 86.5, 84.9, 84.7, 74.1, 74.0, 74.0, 73.9, 73.0,
72.9, 72.8, 72.7, 63.5, 63.5, 43.3, 43.2, 40.1, 40.0, 39.8, 39.8, 32.9, 32.9, 32.9, 32.8, 28.4, 28 .4,
28.3, 28.3, 24.5, 24.4, 244, 243, 243, 24.2, 24.1, 18.0, 18.0, 12.3, 11.8, 11.8 (only observed
peaks). *'P NMR (162 MHz, CDCl;) §139.5, 139.4. HRMS-ESI (m/z): [M+H]" calcd for

C30Hs6N4O6PSi, 627.3701; found, 627.3710.
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Phosphite (1a-2)

TIPSO f(féo
~

AcO
1a-2 was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,

hexane/EtOAc/MeOH) (Figure S3-1; 0.6 mmol scale; 389 mg, 0.48 mmol, 80% isolated yield).
The ratio (1.2:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid.
"H NMR (400 MHz, CDCl3) & 8.15-8.08 (m, 2H), 7.44-7.38 (m, 2H), 6.37-6.30 (m, 2H), 5.28
(m, 1H), 4.95 (m, 1H), 4.27-3.94 (m, 6H), 2.65-2.64 (m, 2H), 2.48-2.37 (m, 2H), 2.25-2.11 (m,
5H), 1.94-1.90 (m, 6H), 1.60-1.56 (m, 6H), 1.17-1.09 (m, 21H). *C NMR (100.6 MHz, CDCl;)
0170.5,170.4,163.7, 163.5, 150.4, 150.3, 135.2, 135.1, 134.9, 116.8, 116.7, 111.5, 111.4, 111.1,
111.0, 86.4, 86.4, 86.3, 84.6, 84.6, 84.5, 83.4, 83.3, 83.3, 75.7, 75.6, 75.5, 75.4, 74.2, 73.8, 73.5,
73.4,73.1,73.0, 63.2, 63.2, 61.4, 61.1, 40.0, 39.8, 37.3, 37.3, 32.9, 32.9, 30.9, 28.9, 28.8, 28.8,
28.7, 28.6, 20.9, 20.9, 18.0, 18.0, 12.6, 12.6, 12.3, 12.3, 11.8 (only observed peaks). *'P NMR
(162 MHz, CDCl3) 6135.0, 134.6. HRMS-ESI (m/z): [M+H]" calcd for C3sHs;NsO12PSi,
810.3505; found, 810.3497.

3-{[Bis(diisopropylamino)phosphaneyl]oxy}butanenitrile (S2-3)

,iPr
iPr—n

: iPr
P<n”
NC\)\O N

iPr

S2-3 was purified by flash chromatography on silica gel (70:29:1, hexane/EtOAc/NEts)
(Figure S3-1; 4 mmol scale; 505 mg, 1.6 mmol, 40% isolated yield). White solid. M.p. 4145 °C.
'"H NMR (400 MHz, CDCl3) §4.00 (m, 1H), 3.58-3.48 (m, 4H), 2.64-2.54 (m, 2H), 1.38 (d, J =
6.4 Hz, 3H), 1.19-1.16 (m, 24H). *C NMR (100.6 MHz, CDCl5) 5117.6, 65.4, 65.2, 44.8, 44.6,
44.5,26.6, 26.5, 24.4, 24.3, 24.2, 24.1, 24.1, 21.6, 21.6 (only observed peaks). *'P NMR (162
MHz, CDCl5) §113.2. HRMS-ESI (m/z): [M+H]" calcd for Ci¢H3sN3OP, 316.2512; found,
316.2513.
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Phosphoramidite (S3-3)

TIPSO —\_0
o}

7]/NH
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NC\)\O’b\N/iPr
iPr

S3-3 was purified by flash chromatography on silica gel (Biotage Selekt, 93:7-55:45,
hexane/EtOAc) (Figure S3-1; 1 mmol scale; 251 mg, 0.41 mmol, 41% isolated yield). The ratio
(1.3:1.2:1.1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid.
'"H NMR (400 MHz, CDCl;) §8.15 (brs, 1H), 7.45 (m, 1H), 6.33 (m, 1H), 4.58 (m, 1H), 4.18—
4.07 (m, 2H), 4.00-3.86 (m, 2H), 3.66-3.57 (m, 2H), 2.66-2.38 (m, 3H), 2.10 (m, 1H), 1.91 (s,
3H), 1.41-1.36 (m, 3H), 1.22-1.09 (m, 33H). *C NMR (100.6 MHz, CDCl;) §163.6, 150.2,
150.2, 150.1, 135.4, 135.4, 135.3, 135.3, 117.1, 117.1, 117.1, 117.0, 110.9, 110.8, 110.8, 87.0,
87.0, 86.8, 86.8, 86.5, 86.5, 86.4, 84.8, 84.8, 84.6, 84.5, 73.5, 73.4, 73.3, 73.3, 73.2, 73.2, 66.2,
66.0, 65.9, 65.7, 65.6, 65.6, 65.4, 65.4, 63.5, 63.4, 63.3, 43.3, 43.3, 43.2,43.2, 43.2, 43.1, 40.1,
40.1, 40.1, 40.0, 40.0, 39.9, 39.9, 26.9, 26.8, 26.8, 26.8, 26.7, 26.7, 24.6, 24.5, 24.5, 24.5, 24 4,
244,243, 22.0, 21.9, 21.9, 21.9, 18.0, 18.0, 18.0, 12.3, 12.3, 11.8 (only observed peaks). 3p
NMR (162 MHz, CDCls) §147.4, 147.2, 147.1, 146.8. HRMS-ESI (m/z): [M+Na]" calcd for
C29Hs3N4sNaOgPSi, 635.3364; found, 635.3361.

TIPSO fgﬁo
~O
o
P~
NC\)\O/ O\@, N/&kfo
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Phosphite (1a-3)

AcO
1a-3 was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,

hexane/EtOAc/MeOH) (Figure S3-1; 0.4 mmol scale; 305 mg, 0.38 mmol, 96% isolated yield).
The ratio (1.1:1:1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCl3) § 8.66-8.53 (m, 2H), 7.43-7.39 (m, 2H), 6.36-6.29 (m, 2H),
5.28 (m, 1H), 4.96 (m, 1H), 4.54 (m, 1H), 4.40-4.08 (m, 4H), 3.98-3.93 (m, 2H), 2.70-2.55 (m,
2H), 2.51-2.38 (m, 2H), 2.28-2.11 (m, 5H), 1.96-1.91 (m, 6H), 1.53—1.40 (m, 3H), 1.21-1.09 (m,
21H). BC NMR (100.6 MHz, CDCl3) §170.5, 170.5, 163.7, 163.6, 150.4, 150.3, 135.2, 135.2,
135.1,134.9,134.9,134.9,116.8,116.7,116.6, 116.6, 111.6, 111.6, 111.5, 111.3,111.1, 86.4, 86.4,
86.4, 86.3, 86.3, 84.7, 84.6, 84.6, 84.5, 83.4, 83.3, 83.3, 83.2, 74.2, 74.1, 74.1, 74.0, 73.9, 73.8,
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73.7,73.5,73.4,73.3, 66.5, 66.4, 66.3, 66.2, 66.1, 66.1, 65.9, 63.4, 63.2, 62.1, 62.1, 62.0, 61.9,
61.8, 61.8, 61.7, 40.0, 40.0, 39.9, 39.9, 39.8, 39.8, 37.3, 37.2, 37.2, 27.0, 26.9, 26.9, 26.9, 26.8,
224,224,223, 223, 222, 20.9, 20.9, 20.8, 18.0, 18.0, 12.7, 12.6, 12.3, 11.8 (only observed
peaks). P NMR (162 MHz, CDCls) §139.7, 139.2, 139.1, 139.0. HRMS—ESI (m/2): [M+Na]"
calcd for Cs3sHssNsNaO1,PSi, 818.3168; found, 818.3167.
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Phosphite (1a-4)

AcO
1a-4 was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,

hexane/EtOAc/MeOH) (Figure S3-1; 0.6 mmol scale; 403 mg, 0.52 mmol, 86% isolated yield).
The ratio (1.1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid.
'"H NMR (400 MHz, CDCls) §8.64 (brs, 2H), 7.42-7.38 (m, 2H), 6.36-6.29 (m, 2H), 5.29 (m,
1H), 4.95 (m, 1H), 4.20-4.04 (m, 6H), 3.98-3.91 (m, 2H), 2.71-2.68 (m, 2H), 2.49-2.39 (m, 2H),
2.27-2.11 (m, 5H), 1.94-1.91 (m, 6H), 1.19-1.08 (m, 21H). *C NMR (100.6 MHz, CDCl;)
0170.7,170.6, 170.5, 163.8, 163.7, 150.4, 150.3, 136.3, 135.3, 135.2, 135.0, 135.0, 117.2, 117.1,
111.6, 111.5, 111.4, 111.2, 111.2, 86.4, 86.4, 86.3, 86.0, 85.0, 84.8, 84.7, 84.6, 84.5, 83.4, 83.4,
83.3, 83.3,74.7,74.2, 74.1, 74.0, 73.8, 73.7, 63.1, 62.6, 62.3, 62.2, 62.2, 58.0, 57.8, 57.5, 57.4,
40.0, 39.9, 37.3, 37.2, 37.2, 21.0, 20.9, 20.4, 20.3, 20.3, 18.0, 18.0, 12.6, 12.6, 12.6, 12.3, 11.8
(only observed peaks). P NMR (162 MHz, CDCl;) §139.7, 139.3. HRMS-ESI (m/z):
[M+NH4]" caled for C34HseNgO12PSi, 799.3458; found, 799.3459.

N-Benzoyl-5’-0O-TIPS-5-methyl-2’-deoxycytidine

TIPSO %/NHBZ
o_N !
&
HO o

N-Benzoyl-5’-0O-TIPS-5-methyl-2’-deoxycytidine was prepared according to the reported
procedure’ and purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:45:5,
hexane/EtOAc/MeOH) (3 mmol scale; 948 mg, 1.89 mmol, 63% isolated yield). White solid. M.p.
113-117 °C. "H NMR (400 MHz, CDCls) §13.3 (brs, 1H), 8.31 (d, J= 7.6 Hz, 2H), 7.65 (s, 1H),
7.52 (m, 1H), 7.46-7.42 (m, 2H), 6.39 (t, J= 6.8 Hz, 1H), 4.58 (m, 1H), 4.06-3.95 (m, 3H), 2.45

122



(m, 1H), 2.20-2.10 (m, 5H), 1.20-1.11 (m, 21H). *C NMR (100.6 MHz, CDCl3) §179.6, 159.7,
147.9, 137.2, 136.5, 132.4, 129.9, 128.1, 111.7, 87.1, 85.4, 72.1, 63.6, 41.4, 18.0, 13.5, 11.8.
HRMS-ESI (m/z): [M+H]" calcd for CasHN305Si, 502.2732; found, 502.2734.

N-Benzoyl-5’-0O-TIPS-5-methyl-2’-deoxycytidine Phosphoramidite

TIPSO %/NHBZ
SOty
o O o
NC\)\O/P\’\\‘./
iPr

N-Benzoyl-5’-O-TIPS-5-methyl-2’-deoxycytidine Phosphoramidite was purified by flash
chromatography on silica gel (Biotage Selekt, 100:0-80:20, hexane/EtOAc) (1.5 mmol scale; 840
mg, 1.08 mmol, 72% isolated yield). The ratio (2.2:1.8:1:1) of diastereomers was determined by
3'P-NMR analysis. White amorphous solid. "H NMR (400 MHz, CDCls) & 13.29 (brs, 1H), 8.33—
8.30 (m, 2H), 7.69-7.31 (m, 9H), 6.39 (m, 0.34H), 6.15 (m, 0.66H), 5.02 (m, 1H), 4.66 (m, 0.34H),
4.40 (m, 0.66H), 4.20-3.51 (m, 5H), 2.84-2.72 (m, 2H), 2.54 (m, 0.34H), 2.38-2.07 (m, 4H), 1.90
(m, 0.66H), 1.28-0.96 (m, 33H). *C NMR (100.6 MHz, CDCl;) §179.6, 159.8, 159.7, 147.7,
147.7, 140.1, 140.1, 140.1, 140.0, 139.8, 137.2, 136.7, 136.6, 136.5, 132.3, 129.9, 128.7, 128.7,
128.7,128.1, 126.1, 126.1, 126.1, 126.0, 116.9, 116.8, 116.8, 116.8, 111.6, 111.5, 87.1, 86.9, 86.9,
86.7, 86,6, 85.5, 85.4, 85.2, 73.8, 73.7, 73.6, 73.5, 73.3, 72.3, 72.2, 72.0, 71.9, 71.2, 71.2, 71.0,
71.0, 63.4, 63.3, 63.3, 63.1, 43.6, 43.6, 43.5, 43.4, 43.4, 43.2, 40.3, 40.3, 40.2, 40.1, 28.5, 28 .4,
28.3,28.3,24.7,24.6,24.6,24.5,24.5,24.1,24.1,24.0, 18.0, 18.0, 13.4, 11.9, 11.8 (only observed
peaks). *'P NMR (162 MHz, CDCls) §149.8, 149.8, 148.3, 147.9. HRMS-ESI (m/z): [M+H]"

calcd for C41He1N5sO¢PS1, 778.4123; found, 778.4122.
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1b was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,
hexane/EtOAc/MeOH) (0.48 mmol scale; 300 mg, 0.31 mmol, 65% isolated yield). The ratio
(1.1:1.1:1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid. 'H

NMR (400 MHz, CDCl3) 613.30 (brs, 1H), 8.33-8.30 (m, 3H), 7.61-7.28 (m, 10H), 6.35-6.22

Phosphite (1b)
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(m, 2H), 5.43 (m, 1H), 5.21 (m, 1H), 4.86 (m, 1H), 4.18-3.56 (m, 6H), 2.94-2.75 (m, 2H), 2.48—
1.78 (m, 13H), 1.25-1.06 (m, 21H). *C NMR (100.6 MHz, CDCls) 5170.4, 170.4, 170.4, 163.2,
163.2, 159.6, 150.1, 150.1, 147.8, 147.8, 139.3, 139.2, 138.8, 138.7, 137.1, 136.2, 136.1, 136.1,
135.3, 135.1, 135.0, 135.0, 132.4, 129.9, 129.4, 129.4, 129.3, 129.2, 129.1, 128.1, 125.9, 125.8,
125.8,116.7, 116.6, 116.6, 116.5, 111.9, 111.8, 111.8, 111.5, 111.4, 111.4, 111.3, 86.6, 86.6, 86.2,
85.2, 85.1, 85.0, 84.7, 84.6, 84.5, 84.5, 83.3, 83.3, 83.2, 83.2, 74.5, 74.2, 74.2, 74.1, 74.0, 73.3,
71.8, 71.6, 71.4, 71.0, 70.9, 70.7, 63.1, 63.0, 62.5, 62.5, 62.1, 40.3, 40.1, 37.3, 37.2, 37.1, 37.0,
28.1,27.9, 20.9, 20.9, 18.0, 13.4, 12.6, 12.6, 11.8, 11.8 (only observed peaks). *'P NMR (162
MHz, CDCls) §139.9, 139.8, 139.7, 139.2. HRMS—ESI (m/z): [M+H]" calcd for C47He:N¢O12PSi,
961.3927; found, 961.3930.

Phosphite (1¢)

TIPSO %/NHBZ
Oty

o)

Ph O\P

lc was purified by flash chromatography on silica gel (Biotage Selekt, 98:2-80:20,
DCM/EtOAc) (0.63 mmol scale; 267 mg, 0.26 mmol, 41% isolated yield). The ratio
(1.3:1.2:1.1:1) of diasteromers was determined by *'P-NMR analysis. White amorphous solid. 'H
NMR (400 MHz, CDCl3) 6 13.29 (brs, 1H), 8.32-8.30 (m, 2H), 8.07 (m, 1H), 7.59-7.51 (m, 2H),
7.46-7.20 (m, 8H), 6.31-6.16 (m, 2H), 5.39 (m, 1H), 4.85 (m, 1H), 4.38-3.54 (m, 7H), 2.92-2.74
(m, 2H), 2.46-1.74 (m, 10H), 1.18-1.07 (m, 21H), 0.90-0.88 (m, 9H), 0.09-0.08 (m, 6H). *C
NMR (100.6 MHz, CDCl3) 6179.5, 163.6, 159.6, 150.2, 150.1, 147.8, 139.4, 139.2, 138.9, 138.7,
137.1, 136.1, 135.8, 135.6, 132.4, 129.8, 129.3, 129.3, 129.2, 129.0, 128.1, 125.8, 125.7, 116.6,
116.6, 116.5, 116.4, 111.8, 111.8, 111.7, 111.0, 110.9, 110.9, 110.9, 86.7, 86.6, 86.6, 86.6, 86.3,
86.3, 85.7, 85.7, 85.6, 85.6, 85.5, 85.4, 85.4, 85.2, 85.1, 85.0, 85.0, 85.0, 84.9, 74.3, 74.1, 74.1,
73.9,73.6,73.5,73.1,73.0,71.9,71.6,71.5,71.4,71.4,71.4, 71.3,70.7,70.6,70.3, 70.3, 63.0,
63.0, 62.9, 62.4, 62.3, 62.1, 62.1, 61.8, 61.7, 61.6, 61.5, 40.4, 40.3, 40.2, 40.0, 28.2, 27.9, 27.8,
25.6, 18.0, 17.8, 13.4, 13.3, 12.6, 12.5, 11.8, 11.7, —4.7, —4.7, —4.7, —4.8 (only observed peaks).
3P NMR (162 MHz, CDCl;) 6139.7, 139.6, 139.4, 139.1. HRMS-ESI (m/z): [M+H]" calcd for
Cs1H74N6O11PSiz, 1033.4686; found, 1033.4683.
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TIPSO K(Fo
%

NH
o ¥

Ph Q

Ne_~o 0 o %/NHBZ

NN

AcO' g/

1d was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,
hexane/EtOAc/MeOH) (0.8 mmol scale; 431 mg, 0.45 mmol, 56% isolated yield). The ratio
(1.1:1.1:1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid. 'H
NMR (400 MHz, CDCls) 6 13.25 (brs, 1H), 8.62 (m, 1H), 8.33-8.31 (m, 2H), 7.59-7.34 (m, 10H),
6.36-6.23 (m, 2H), 5.43 (m, 1H), 5.18 (m, 1H), 4.86 (m, 1H), 4.19-3.57 (m, 6H), 2.95-2.75 (m,
2H), 2.45-1.74 (m, 13H), 1.16-1.04 (m, 21H). *C NMR (100.6 MHz, CDCl3) §179.7, 179.7,
170.4, 170.4, 170.3, 163.4, 159.4, 159.4, 150.2, 150.1, 147.9, 139.2, 138.8, 138.8, 137.0, 136.3,
136.3, 136.2, 136.2, 136.1, 136.0, 135.0, 135.0, 134.9, 132.5, 129.9, 129.4, 129.4, 129.3, 129.2,
129.1, 129.1, 128.1, 126.0, 125.8, 125.8, 116.7, 116.6, 116.5, 112.4, 112.3, 112.2, 112.1, 111.1,
111.0,111.0, 111.0, 86.3, 86.3, 86.0, 85.9, 85.2, 85.1, 85.0, 84.9, 84.5, 84.4, 84 .4, 83.6, 83.5, 83.5,
83.4,83.4,74.4,743,74.2,74.1, 74.1, 74.0, 73.8, 73.5, 73.4, 71.6, 71.6, 71.5, 71.0, 70.9, 70.9,
70.8, 63.1, 63.1, 63.0, 62.6, 62.5, 62.5, 62.4, 62.3, 62.2, 62.1, 62.0, 40.0, 39.8, 39.7, 39.7, 37.6,
375,374,373, 28.1, 27.9, 27.9, 20.9, 20.9, 18.0, 13.7, 12.3, 11.8, 11.8 (only observed peaks).
P NMR (162 MHz, CDCl;) 6140.3, 140.0, 139.7, 139.2. HRMS—-ESI (m/z): [M+H]" calcd for
C47He2N6O12PS1, 961.3927; found, 961.3925.

N°®-Benzoyl-5'-0O-TIPS-2'-deoxyadenosine Phosphoramidite
TIPSO =N
\@,N:)\(NHBZ
7
o N\VN
\ 'P
P\N/lr

Ph
NC\)\O/ \

N°-Benzoyl-5'-O-TIPS-2'-deoxyadenosine Phosphoramidite was purified by flash

iPr

chromatography on silica gel (Biotage Selekt, 88:12-45:55, hexane/EtOAc) (3.33 mmol scale;
1.32 g, 1.67 mmol, 50% isolated yield). The ratio (2.3:2.3:1:1) of diastereomers was determined
by *'P-NMR analysis. White amorphous solid. '"H NMR (400 MHz, CDCl) §9.00 (m, 1H), 8.82
(m, 1H), 8.34 (s, 0.15H), 8.32 (s, 0.15H), 8.26 (s, 0.35H), 8.17 (s, 0.35H), 8.04-8.01 (m, 2H),
7.63-7.51 (m, 3H), 7.42-7.24 (m, 5H), 6.58 (m, 0.3H), 6.31 (m, 0.35H), 6.18 (m, 0.35H), 5.04
(m, 1H), 4.84 (m, 0.3H), 4.59 (m, 0.7H), 4.27 (m, 0.3H), 4.07-3.85 (m, 2H), 3.80-3.55 (m, 2.7H),
2.86-2.70 (m, 2.65H), 2.54 (m, 1H), 2.28 (m, 0.35H), 1.30-0.97 (m, 33H). *C NMR (100.6 MHz,
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CDCl3) 6164.6, 152.6,152.5,152.5,151.5,151.5,151.4,151.4,149.4, 149.4, 149.3, 141.5, 141 4,
141.3,140.2, 140.2, 140.2, 139.9, 139.9, 139.9, 133.8, 133.7, 132.7, 128.8, 128.7, 128.6, 127.8,
126.1,126.1, 126.0, 123.3, 123.2, 123.2, 123.2, 116.9, 116.8, 116.8, 116.7, 87.4, 87.4, 87.1, 87.1,
87.0, 86.9, 84.6, 84.5, 84.5, 73.9, 73.7, 73.6, 73.5, 73.4, 73.3, 73.2, 73.1, 72.3, 72.1, 72.1, 71.9,
71.4,71.3,71.2,71.1, 63.3, 63.3, 63.1, 53.4, 43.6, 43.5, 43.4, 43.3, 43.2, 43.2, 40.1, 40.0, 40.0,
39.9, 39.5, 39.5, 28.4, 28.4, 28.3, 24.7, 24.6, 24.6, 24.5, 24.5, 24.5, 24.2, 24.1, 24.1, 24.0, 17.9,
17.9, 11.8, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;) 5150.3, 149.2, 148.4, 147.6.
HRMS-ESI (m/z): [M+H]" caled for C4HsoN,OsPSi, 788.4079; found, 788.4083.

Phosphite (1e)
TIPSO —N

\\G,N:)\(NHBZ
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e ~0" Q o [~ F°
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AcO

le was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,
hexane/EtOAc/MeOH) (1.67 mmol scale; 1.06 g, 1.09 mmol, 65% isolated yield). The ratio
(1.4:1.4:1.2:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid.
'"H NMR (400 MHz, CDCl;) §9.31-8.79 (m, 3H), 8.26 (m, 1H), 8.06-8.04 (m, 2H), 7.63-7.50
(m, 3H), 7.43-7.31 (m, 6H), 6.47-6.22 (m, 2H), 5.52-4.93 (m, 3H), 4.28-4.08 (m, 3H), 4.04—
3.61 (m, 3H), 2.96-2.60 (m, 4H), 2.49-2.05 (m, 5H), 1.95-1.87 (m, 3H), 1.14-1.02 (m, 21H). *C
NMR (100.6 MHz, CDCl3) 6170.6, 170.5,170.4, 170.4, 164.8, 163.4, 152.5, 151.6, 150.2, 149.6,
141.6, 141.5, 141.2, 141.0, 139.2, 139.2, 138.9, 138.8, 136.2, 135.2, 135.1, 135.0, 133.6, 132.7,
129.4, 129.4, 129.3, 129.1, 129.1, 128.9, 128.8, 128.0, 125.8, 125.7, 125.5, 123.4, 123.4, 116.7,
116.6, 116.6, 116.5, 111.5, 111.4, 111.4, 86.9, 86.9, 86.8, 86.8, 86.8, 85.9, 85.0, 84.8, 84.7, 84.6,
84.6, 84.6, 84.3, 83.5, 83.5, 83.4, 83.4, 83.3, 83.3, 74.7, 74.4, 74.3, 74.3, 74.2, 74.2, 74.1, 73.9,
73.7,71.8,71.6, 71.5, 71.3, 71.2, 70.2, 63.0, 62.9, 62.9, 62.6, 62.5, 62.4, 62.3, 62.3, 62.2, 62.2,
40.0, 40.0, 39.4, 39.1, 39.1, 37.3, 37.2, 37.2, 37.0, 28.2, 28.1, 28.0, 28.0, 28.0, 21.0, 20.9, 20.9,
18.0,18.0, 12.6, 12.6, 12.5, 11.8,11.8 (only observed peaks). P NMR (162 MHz, CDCl;) & 140.8,
140.0, 139.8, 139.0. HRMS-ESI (m/z): [M+H]" caled for C47HgoNsO11PSi, 971.3883; found,
971.3892.
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N*-Isobutyryl-O°-(diphenylcarbamoyl)-5’-O-TIPS-2’-deoxyguanosine

TIPSO =N
|
R NPh
HO NYN ’
HN._©
1

iPr

N*-Isobutyryl-O°-(diphenylcarbamoyl)-5’-O-TIPS-2’-deoxyguanosine ~ was  prepared
according to the reported procedure'® and purified by flash chromatography on silica gel (Biotage
Selekt, 90:10-67:33, DCM/EtOAc) (2.84 mmol scale; 1.39 g, 2.02 mmol, 71% isolated yield).
White solid. M.p. 123127 °C. '"H NMR (400 MHz, CDCl;) 68.27 (m, 1H), 8.03 (m, 1H), 7.44—
7.34 (m, 8H), 7.26-7.23 (m, 2H), 6.63 (m, 1H), 4.80 (m, 1H), 4.14 (m, 1H), 3.99-3.91 (m, 2H),
2.85 (brs, 1H), 2.67-2.59 (m, 2H), 1.64 (m, 1H), 1.26 (d, J = 6.8 Hz, 6H), 1.18-1.05 (m, 21H).
B3C NMR (100.6 MHz, CDCls) §175.3, 155.8, 154.7, 151.5, 150.4, 142.8, 141.7, 129.1, 127.1,
121.3, 88.2, 84.6, 72.4, 64.2, 41.7, 36.3, 19.3, 18.0, 11.9. HRMS-ESI (m/z): [M+H]" calcd for
C36H49NsOsS1, 689.3477; found, 689.3475.

N*-Isobutyryl-O°-(diphenylcarbamoyl)-5’-O-TIPS-2’-deoxyguanosine Phosphoramidite
TIPSO =N
=

NG ~0' N i

iPr iPr
N*-Isobutyryl-O°-(diphenylcarbamoyl)-5’-O-TIPS-2’-deoxyguanosine Phosphoramidite
was purified by flash chromatography on silica gel (Biotage Selekt, 93:7-66:34, hexane/EtOAc)
(1 mmol scale; 676 mg, 0.7 mmol, 70% isolated yield). The ratio (2.1:1.9:1:1) of diastereomers
was determined by *'P-NMR analysis. White amorphous solid. "H NMR (400 MHz, CDCls)
08.18 (m, 1H), 7.94 (m, 1H), 7.43-7.22 (m, 15H), 6.47 (m, 0.34H), 6.16 (m, 0.66H), 5.03 (m,
1H), 4.80 (m, 0.34H), 4.54 (m, 0.66H), 4.23 (m, 0.34H), 4.02-3.57 (m, 4.66H), 3.07 (m, 1H),
2.88-2.29 (m, 4H), 1.29-0.97 (m, 39H). *C NMR (100.6 MHz, CDCl3) §175.9, 175.5, 156.0,
155.9, 155.9, 154.5, 154.4, 154.4, 151.9, 151.9, 151.8, 150.4, 150.3, 142.3, 142.2, 142.2, 141.7,
140.1, 139.9, 129.0, 128.6, 128.6, 128.5, 126.8, 126.1, 126.1, 126.0, 126.0, 121.3, 121.2, 121.1,
116.9,116.8,116.7,87.4,87.4,87.2,87.1, 87.0, 87.0, 87.0, 86.9, 84.5, 84.3, 73.9, 73.7,73.5, 73 .4,
73.3,73.2,73.1,72.9, 72.0, 72.0, 71.8, 71.8, 71.3, 71.2, 71.1, 71.0, 63.4, 63.0, 43.6, 43.5, 43 .4,
43.3,43.3,43.2,43.1, 40.2, 40.0, 39.6, 39.6, 35.6, 35.3, 28.4, 28.4, 28.3, 28.2, 24.6, 24.6, 24.5,
24.4,24.1,24.0,24.0, 19.2, 19.1, 17.9, 11.8, 11.8 (only observed peaks). *'P NMR (162 MHz,
CDCl3) 6150.1, 149.2, 148.6, 147.7. HRMS-ESI (m/z): [M+H]" calcd for CsiH70NsO,PSi,

965.4869; found, 965.4866.
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1f was purified by flash chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10,
hexane/EtOAc/MeOH) (0.6 mmol scale; 641 mg, 0.56 mmol, 93% isolated yield). The ratio
(1.2:1.1:1:1) of diastereomers was determined by *'P-NMR analysis. White amorphous solid. 'H
NMR (400 MHz, CDCls) 68.83 (m, 1H), 8.29 (m, 1H), 8.16 (m, 1H), 7.50-7.24 (m, 16H), 6.35—
6.24 (m, 2H), 5.50-4.93 (m, 3H), 4.25-3.59 (m, 6H), 2.94-2.57 (m, 4H), 2.50-2.29 (m, 2H),
2.24-2.04 (m, 4H), 1.97-1.88 (m, 3H), 1.26-1.24 (m, 6H), 1.09—1.00 (m, 21H). *C NMR (100.6
MHz, CDCl3) 6175.4,175.3,170.6, 170.5,170.4, 170.4, 163.5, 156.0, 154.5, 152.0, 151.9, 150.4,
150.2, 142.5, 142.3, 142.2, 141.7, 139.2, 139.0, 138.8, 136.2, 135.4, 135.3, 135.3, 129.3, 129.3,
129.2, 129.1, 129.0, 127.1, 125.9, 125.8, 121.4, 121.4, 121.3, 116.6, 116.6, 116.5, 111.4, 111.3,
111.3,111.3, 86.9, 86.8, 86.6, 85.8, 85.0, 84.9, 84.9, 84.7, 84.6, 84.5, 84.4, 84.3, 84.2, 83.6, 83.5,
83.3,83.3,74.7, 74.4, 743, 74.3, 74.2, 74.1, 73.6, 71.7, 71.5, 71.3, 71.0, 70.8, 70.7, 63.2, 63.0,
62.5, 62.5, 62.3, 62.1, 40.0, 39.9, 39.5, 39.4, 37.3, 37.2, 37.1, 37.0, 36.0, 28.1, 27.9, 21.0, 20.9,
19.3, 17.9, 12.6, 12.5, 11.8, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;) 6141.0,
140.5, 139.8, 139.1. HRMS-ESI (m/z): [M+H]" calcd for Cs;H71NoO13PSi, 1148.4673; found,
1148.4672.

5. General Procedure for Synthesis of zert-Alkylphosphonate Oligonucleotides

The reaction in Table 3-2, entry 2 is representative. In a glovebox, to an oven-dried vial with
a stirring bar was added PTH2 (13.2 mg, 0.05 mmol), phosphite 1a-1 (42.9 mg, 0.05 mmol),
redox-active ester 2a (46.4 mg, 0.15 mmol) and LiBF4 (4.7 mg, 0.05 mmol). Then, MeCN (300
uL) and DCM (200 puL) were added to the reaction mixture. After sealing the vial with parafilm,
the reaction mixture was stirred and irradiated with a 34W blue LED with UC reactor to keep the
temperature at 10 °C (Figure S3-2). After 18 h, the solvents were removed under reduced pressure.
The crude material was then purified by flash column chromatography on silica gel (80:20:0—
50:45:5, hexane/EtOAc/MeOH) to give the alkylated product 3aa (29.6 mg, 0.035 mmol, 70%

isolated yield) as a white amorphous solid.
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Figure S3-2. Light set up

6. Characterization Data for Alkylated Products
tert-Alkylphosphonate 3aa

The product 3aa was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-2, entry 2; 29.6 mg, 0.035 mmol, 70% isolated yield). The ratio
(before isolation: 1.2:1—after isolation: 1:1) of diastereomers was determined by *'P-NMR
analysis. White amorphous solid. "H NMR (400 MHz, CDCl;) §9.07-8.98 (m, 2H), 7.55-7.23
(m, 7H), 6.29-6.24 (m, 2H), 5.14 (m, 1H), 4.86 (t, /= 5.8 Hz, 0.5H), 4.60 (t, J = 6.0 Hz, 0.5H),
4.26-4.11 (m, 3.5H), 3.87 (m, 1H), 3.71 (m, 1H), 3.39 (m, 0.5H), 2.45-2.34 (m, 1.5H), 2.10-1.85
(m, 11.5H), 1.70-1.65 (m, 6H), 1.10-1.03 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.5,
170.3, 163.6, 163.5, 150.3, 140.2, 140.2, 140.0, 139.9, 135.1, 134.8, 134.6, 128.4, 128.4, 128.4,
127.7,127.7, 127.6, 127.5, 127.4, 127.4, 127.4, 111.6, 111.5, 111.2, 86.8, 86.8, 85.6, 85.6, 84.7,
84.7, 84.3, 83.0, 82.9, 82.8, 82.7, 78.5, 78.5, 78.4, 78.3, 73.9, 73.9, 65.6, 65.5, 64.8, 64.8, 63.2,
40.1, 40.1, 39.9, 39.0, 38.9, 38.8, 38.7, 37.2, 37.2, 24.5, 24.5, 24.1, 24.1, 23.7, 23.7, 23.5, 23.5,
20.8, 18.0, 18.0, 18.0, 12.6, 12.3, 12.3, 12.2, 11.7, 11.7 (only observed peaks). *'"P NMR (162
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MHz, CDCl3) §34.6, 33.5. HRMS-ESI (m/z): [M+H]" caled for CsoHgoN4O12PSi, 847.3709;
found, 847.3710.

The separation of the diastereomers of 3aa.

The crude residue of 3aa (from 20 x 0.05 mmol scale) was purified with column
chromatography (silica gel, hexane/EtOAc/MeOH = 50:50:0 to 42.5:42.5:15), and then the
fractions containing the diastereomers mixture were collected and further purified by preparative
HPLC (Reverse phase, C18 column, 10mM NH4HCO; aq./MeCN = 30/70 to 15/85) to obtain 200
mg (0.24 mmol) of (Rp)-3aa and 250 mg (0.30 mmol) of (Sp)-3aa.

50 mg of the single diastereomer [identified as (Rp)-3aa] was weighed out and transferred to a
clean glass tube. About 1 mL of acetonitrile was added to the tube and the mixture was heated
until the solid dissolved completely. To the solution was added water (2~3 mL) quietly and the
solution was allowed to cool slowly to room temperature. The solution was then placed in the
fridge to further promote crystal formation. The crystals were collected using a filtration apparatus

and washed with a small amount of water. The crystals were then dried in vacuo.

TIPSO %/NHBZ
e
3 0

Qo0
Ph><P/’\O fk];o
\Q’N NH
I

(0]
AcO

tert-Alkylphosphonate 3ba

The product 3ba was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-3; 24.7 mg, 0.026 mmol, 52% isolated yield). The ratio (before
isolation: 1.2:1) of diastereomers was determined by *'P-NMR analysis. The diastereomers 3ba-

d1 and 3ba-d2 were separated and data were measured respectively.

3ba-d1

White amorphous solid. '"H NMR (400 MHz, CDCl;) §13.29 (brs, 1H), 8.32-8.30 (m, 2H),
8.15 (brs, 1H), 7.56-7.51 (m, 4H), 7.46-7.42 (m, 2H), 7.36-7.32 (m, 2H), 7.27-7.24 (m, 2H),
6.30-6.24 (m, 2H), 5.14 (m, 1H), 4.61 (t,J= 6.0 Hz, 1H), 4.25 (m, 1H), 4.15-4.13 (m, 2H), 4.07
(m, 1H), 3.92-3.86 (m, 2H), 2.37 (m, 1H), 2.17 (m, 1H), 2.10-2.07 (m, 6H), 1.99 (d, /= 1.2 Hz,
3H), 1.93-1.84 (m, 2H), 1.70-1.65 (m, 6H), 1.14-1.03 (m, 21H). *C NMR (100.6 MHz, CDCl;)
0170.3, 163.0, 159.6, 149.9, 147.8, 140.0, 139.9, 137.1, 136.0, 134.6, 132.5, 129.9, 128.5, 128.5,
128.1, 127.6, 127.6, 127.5, 112.0, 111.6, 87.2, 85.0, 84.8, 82.8, 82.8, 78.6, 78.5, 73.9, 64.9, 64.8,
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63.3, 40.1, 39.4, 39.3, 38.8, 37.2, 24.2, 24.1, 23.7, 23.7, 20.9, 18.0, 18.0, 13.4, 12.6, 11.8 (only
observed peaks). *'P NMR (162 MHz, CDCl;) 634.7. HRMS-ESI (m/z): [M+H]" calcd for
C47HesNs5O12PSi, 950.4131; found, 950.4128.

3ba-d2

White amorphous solid. '"H NMR (400 MHz, CDCl;) §13.29 (brs, 1H), 8.32-8.29 (m, 2H),
8.13 (m, 1H), 7.57-7.42 (m, 7H), 7.37-7.34 (m, 2H), 7.28 (m, 1H), 6.29-6.22 (m, 2H), 5.14 (m,
1H), 4.89 (t, J= 6.4 Hz, 1H), 4.25-4.08 (m, 3H), 3.75-3.72 (m, 2H), 3.41 (m, 1H), 2.53 (dd, J =
13.6, 4.8 Hz, 1H), 2.38 (m, 1H), 2.10-2.03 (m, 7H), 1.99 (d, /= 1.2 Hz, 3H), 1.85 (m, 1H), 1.69—
1.64 (m, 6H), 1.13-1.04 (m, 21H). *C NMR (100.6 MHz, CDCl3) §170.5, 163.2, 159.6, 149.9,
147.9, 140.2, 137.1, 136.0, 135.1, 132.5, 129.9, 128.4, 128.4, 128.1, 127.7, 127.7, 127.4, 127 .4,
112.0, 111.5, 86.0, 85.9, 84.9, 84.8, 83.0, 83.0, 78.5, 78.4, 73.8, 65.5, 65.4, 63.3, 40.3, 40.3, 40.1,
38.8, 37.2, 24.5, 24.5, 23.6, 23.5, 20.9, 18.0, 13.4, 12.3, 11.7 (only observed peaks). *'P NMR
(162 MHz, CDCls) 633.6. HRMS-ESI (m/z): [M+H]" caled for C47HesNsO12PSi, 950.4131;
found, 950.4131.

tert-Alkylphosphonate 3ca

The product 3ca was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-3; 25.6 mg, 0.025 mmol, 50% isolated yield). The ratio (before
isolation: 1.1:1—after isolation: 1.3:1) of diastereomers was determined by *'P-NMR analysis.
White amorphous solid. "H NMR (400 MHz, CDCl;) & 13.30 (brs, 1H), 8.37-8.30 (m, 3H), 7.58—
7.22 (m, 10H), 6.30-6.17 (m, 2H), 4.88 (t, J = 6.0 Hz, 0.43H), 4.63 (t, J = 6.0 Hz, 0.57H), 4.24
(m, 1H), 4.12-3.88 (m, 4.57H), 3.76 (m, 1H), 3.49 (m, 0.43H), 2.50 (m, 0.43H), 2.22-1.77 (m,
9.57H), 1.70-1.64 (m, 6H), 1.11-1.05 (m, 21H), 0.89 (s, 9H), 0.08-0.07 (m, 6H). *C NMR
(100.6 MHz, CDCl3) 6179.6, 163.4, 163.3, 159.6, 149.9, 147.8, 140.4, 140.1, 140.0, 137.1, 136.0,
135.7,135.1, 132.5, 129.9, 128.4, 128.4, 128.4, 128.1, 127.8, 127.7, 127.6, 127.5, 127.4, 127.3,
112.0, 112.0, 111.2, 111.1, 87.2, 86.1, 85.4, 85.3, 85.3, 85.1, 85.0, 78.3, 78.3, 78.0, 77.9, 71.8,
71.6, 65.5, 65.4, 64.4, 64.3, 63.3, 63.2, 40.6, 40.5, 40.3, 40.2, 40.1, 39.4, 39.3, 38.8, 38.7, 25.7,
24.2,24.1,24.0, 23.8, 23.6, 18.0, 18.0, 18.0, 17.9, 13.4, 13.4, 12.6, 12.3, 11.8, 11.7, —4.7, 4.8,
—4.9 (only observed peaks). P NMR (162 MHz, CDCl;) §34.7, 33.2. HRMS-ESI (m/2):
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[M+H]" caled for CsiH77N5011PSi, 1022.4890; found, 1022.4885.
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tert-Alkylphosphonate 3da

0 o

The product 3da was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-3; 21.9 mg, 0.023 mmol, 46% isolated yield). The ratio (before
isolation: 1.1:1—after isolation: 1:1) of diastereomers was determined by *'P-NMR analysis.
White amorphous solid. "H NMR (400 MHz, CDCl;) & 13.29 (brs, 1H), 8.42-8.32 (m, 3H), 7.72—
7.25 (m, 10H), 6.30-6.24 (m, 2H), 5.14 (m, 1H), 4.89 (t, J = 6.0 Hz, 0.5H), 4.66 (t, J = 6.0 Hz,
0.5H), 4.28-4.08 (m, 3.5H), 3.88 (m, 1H), 3.72 (m, 1H), 3.42 (m, 0.5H), 2.47-2.42 (m, 1.5H),
2.18-2.17 (m, 3H), 2.12-2.04 (m, 4H), 1.91-1.81 (m, 4.5H), 1.71-1.65 (m, 6H), 1.10-1.04 (m,
21H). BC NMR (100.6 MHz, CDCl3) §179.7, 170.5, 170.3, 163.3, 159.6, 159.4, 150.1, 147.8,
140.2, 140.2, 140.0, 139.9, 137.1, 137.0, 136.3, 135.6, 134.8, 134.8, 132.6, 132.5, 129.9, 128.5,
128.4,128.4,128.1,128.1, 127.7,127.7,127.6, 127.5,127.4, 112.5, 112.4, 111.2, 86.9, 85.7, 85.6,
85.3, 85.2, 84.4, 84.3, 83.3, 83.2, 83.1, 83.0, 78.5, 78.4, 78.3, 73.9, 65.4, 65.4, 64.8, 64.7, 63.3,
40.1, 40.1, 39.9, 39.1, 39.0, 38.8, 38.8, 37.5, 37.5, 24.5, 24.5, 24.1, 24.1, 23.7, 23.6, 20.8, 18.0,
18.0, 18.0, 13.7, 13.4, 12.3, 12.2, 11.8, 11.7 (only observed peaks). p NMR (162 MHz, CDCls)
634.7,33.7. HRMS-ESI (m/z): [M+H]" caled for C47HssNsO12PSi, 950.4131; found, 950.4133.

tert-Alkylphosphonate 3ea

The product 3ea was purified by flash chromatography on silica gel (50:50:0-50:42:8,
hexane/EtOAc/MeOH) (Table 3-3; 15.8 mg, 0.017 mmol, 33% isolated yield). The ratio (before
isolation: 1.1:1) of diasteromers was determined by *'P-NMR analysis. The diastereomers 3ea-

d1 and 3ea-d2 were separated and data were measured respectively.
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3ea-d1

White amorphous solid. "H NMR (400 MHz, CDCls) §9.08 (brs, 1H), 8.81 (s, 1H), 8.69 (brs,
1H), 8.28 (s, 1H), 8.03 (d, /= 7.2 Hz, 2H), 7.62-7.28 (m, 9H), 6.51 (m, 1H), 6.18 (m, 1H), 5.12—
5.08 (m, 2H), 4.24-4.12 (m, 3H), 3.94 (s, 1H), 3.79 (m, 1H), 3.50 (m, 1H), 2.81-2.71 (m, 2H),
2.32 (m, 1H), 2.07 (s, 3H), 1.99 (s, 3H), 1.80-1.68 (m, 7H), 1.12—-1.03 (m, 21H). *C NMR (100.6
MHz, CDCl3) 6170.5, 163.3, 150.0, 140.4, 140.3, 135.3,133.6, 132.8, 132.8, 128.8, 128.5, 128.5,
128.0, 127.7, 127.6, 127.4, 127.4, 111.5, 86.4, 86.4, 85.2, 84.3, 83.2, 83.2, 78.6, 78.6, 74.0, 63.3,
40.2, 37.0, 29.7, 29.6, 24.6, 24.5, 23.7, 23.6, 20.9, 18.0, 12.4, 11.8 (only observed peaks). *'P
NMR (162 MHz, CDCl;) 633.8. HRMS-ESI (m/z): [M+H]" caled for Cs7HeN7O1PSH,
960.4087; found, 960.4096.

3ea-d2

White amorphous solid. "H NMR (400 MHz, CDCls) §9.00 (brs, 1H), 8.82 (s, 1H), 8.25 (brs,
1H), 8.21 (s, 1H), 8.03 (d, J=7.2 Hz, 2H), 7.64-7.51 (m, 5H), 7.37-7.33 (m, 2H), 7.28-7.22 (m,
2H), 6.37 (m, 1H), 6.27 (m, 1H), 5.16 (m, 1H), 4.87 (t, J= 6.0 Hz, 1H), 4.33-4.24 (m, 2H), 4.17—
4.11 (m, 2H), 3.93-3.84 (m, 2H), 2.55 (m, 1H), 2.39 (m, 1H), 2.21 (m, 1H), 2.11 (s, 3H), 2.00—
1.91 (m, 4H), 1.73-1.69 (m, 6H), 1.14-1.02 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.3,
163.1, 149.9, 141.1, 134.7, 132.8, 128.9, 128.5, 128.5, 127.9, 127.6, 127.6, 127.5, 111.6, 87.2,
84.9, 84.2, 82.9, 82.8, 78.6, 78.5, 73.9, 64.9, 63.2, 40.1, 39.2, 39.2, 38.8, 37.2, 24.3, 24.3, 23.7,
23.6,20.9, 18.0, 12.7, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;) §34.3. HRMS-
ESI (m/z): [M+H]" caled for C47Hg3N7011PSi, 960.4087; found, 960.4088.

tert-Alkylphosphonate 3fa

N
TIPSO z
o C

The product 3fa (from total 0.45 mmol scale synthesis) was purified with column
chromatography (silica gel, hexane/EtOAc/MeOH = 50:50:0 to 50:40:10), and then the fractions
containing the product were collected and further purified by preparative HPLC (30:70-0:100,
10mM NH4HCOs3 in H,O/MeCN) (Table 3-3; 25.6 mg, 0.023 mmol, 5% isolated yield). The ratio
(before isolation: 1.1:1) of diasteromers was determined by *'P-NMR analysis. The diastereomers

3fa-d1 and 3fa-d2 were separated and data were measured respectively.
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3fa-d1

Off-white amorphous solid. '"H NMR (400 MHz, CDCl;) §8.36-8.26 (m, 2H), 8.12 (s, 1H),
7.59-7.21 (m, 16H), 6.29-6.25 (m, 2H), 5.18 (m, 1H), 4.86 (t, J = 6.0 Hz, 1H), 4.32-4.12 (m,
4H), 3.90-3.82 (m, 2H), 2.38 (m, 1H), 2.20-2.08 (m, 6H), 2.01-1.95 (m, 4H), 1.72-1.68 (m, 6H),
1.27 (d, J = 6.8 Hz, 6H), 1.05-1.00 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.3, 163.3,
156.0, 154.6, 152.1, 150.4, 150.0, 142.0, 140.1, 140.0, 134.8, 129.1, 128.5, 128.4, 127.6, 127.6,
127.5, 126.8, 121.2, 111.5, 87.3, 84.7, 83.9, 82.7, 82.7, 78.5, 78.4, 73.8, 64.9, 64.8, 63.2, 40.1,
39.3,39.3,38.8,37.2,36.0,24.3,24.3,23.6, 23.6,20.9, 19.3, 18.0, 18.0, 12.7, 11.8 (only observed
peaks). P NMR (162 MHz, CDCl;) &34.6. HRMS-ESI (m/z): [M+H]" calcd for
Cs7H74N3O13PSi, 1137.4877; found, 1137.4885.

3fa-d2

Off-white amorphous solid. '"H NMR (400 MHz, CDCl;) §8.41-8.24 (m, 2H), 8.17 (s, 1H),
7.58-7.24 (m, 16H), 6.42 (m, 1H), 6.16 (dd J = 8.8, 5.2 Hz, 1H), 5.13 (m, 1H), 5.03 (m, 1H),
4.26-4.12 (m, 3H), 3.89 (m, 1H), 3.74 (m, 1H), 3.49 (m, 1H), 2.77-2.67 (m, 2H), 2.31 (m, 1H),
2.12-2.06 (m, 4H), 2.00-1.99 (m, 3H), 1.81 (m, 1H), 1.71-1.67 (m, 6H), 1.25 (d, /= 6.8 Hz, 6H),
1.05-1.02 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.5, 163.4, 156.0, 154.6, 152.1, 150.4,
149.9, 142.1, 141.8, 140.4, 140.4, 135.5, 129.2, 128.4, 128.4, 127.7, 127.6, 127.4, 121.3, 111.4,
86.3, 86.3, 85.2, 84.2, 83.1, 83.0, 78.6, 78.6, 73.9, 65.6, 65.5, 63.3, 40.2, 38.9, 37.0, 24.5, 24.5,
23.7,23.6,20.8,19.3, 19.3, 18.0, 12.3, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;)
033.5. HRMS-ESI (m/z): [M+H]" calcd for Cs;H74NsO13PSi, 1137.4877; found, 1137.4891.

tert-Alkylphosphonate 3ab

TIPSO = o}
O

The product 3ab was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 26.9 mg, 0.029 mmol, 58% isolated yield). The ratio (before
isolation: 1.2:1—after isolation: 1:1) of diasteromers was determined by *'P-NMR analysis.
White amorphous solid. "H NMR (400 MHz, CDCl) §8.93-8.86 (m, 2H), 7.49-7.24 (m, 6H),
6.29-6.24 (m, 2H), 5.15 (m, 1H), 4.86 (t, /= 6.0 Hz, 0.5H), 4.57 (t, /= 5.8 Hz, 0.5H), 4.28-4.09
(m, 3.5H), 3.91-3.72 (m, 2H), 3.38 (m, 0.5H), 2.47-2.38 (m, 1.5H), 2.11-1.88 (m, 11.5H), 1.66—
1.61 (m, 6H), 1.15-1.00 (m, 21H). *C NMR (100.6 MHz, CDCls) §170.7, 170.5, 170.3, 163.6,
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163.5, 150.5, 150.3, 150.2, 139.4, 139.4, 139.1, 139.1, 136.1, 135.1, 134.8, 134.7, 134.6, 131.5,
131.5, 131.4, 129.6, 129.5, 129.5, 129.4, 121.8, 121.7, 121.7, 121.6, 111.7, 111.6, 111.4, 111.3,
111.3, 86.9, 85.9, 85.6, 85.6, 85.0, 84.9, 84.3, 84.3, 82.9, 82.9, 82.7, 82.7, 78.8, 78.7, 78.5, 78.4,
74.7,73.7, 65.8, 65.7, 64.9, 64.9, 63.2, 62.6, 40.0, 39.9, 39.0, 39.0, 38.7, 38.6, 37.2, 24.5, 24.4,
24.1,24.1,23.5,23.5,23.5,23.4,21.0,20.8, 18.0, 12.6, 12.6, 12.4,12.3, 11.8, 11.7 (only observed
peaks). *'P NMR (162 MHz, CDCly) §33.7, 32.7. HRMS-ESI (m/z): [M+H]" calcd for
C10Hs9BrN4O12PSi, 925.2814; found, 925.2816.

tert-Alkylphosphonate 3ac
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The product 3ac was purified by flash chromatography on silica gel (80:20:0-50:45:5,

hexane/EtOAc/MeOH) (Table 3-4; 26.6 mg, 0.031 mmol, 62% isolated yield). The ratio (crude
1.1:1—isolated 1.1:1) of diasteromers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCls) §8.94-8.82 (m, 2H), 7.49-7.16 (m, 7H), 6.32-6.23 (m, 2H),
5.18 (m, 1H), 4.95 (t,J=5.8 Hz, 0.48H), 4.69 (t, /= 6.0 Hz, 0.52H), 4.33-4.08 (m, 3.52H), 3.91—
3.79 (m, 2H), 3.62 (m, 0.48H), 2.95-2.88 (m, 2H), 2.68-2.56 (m, 2H), 2.50-2.23 (m, 3H), 2.11-
1.89 (m, 12H), 1.15-1.03 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.4, 170.4, 163.5, 163.4,
150.2, 141.6, 141.6, 141.5, 141.5, 135.1, 134.8, 134.8, 134.5, 128.3, 128.2, 128.2, 127.5, 127.5,
127.5,127.5,127.0,126.9,111.8, 111.6, 111.2, 111.2, 86.7, 85.8, 85.7, 84.7, 84.6, 84.4, 84.3, 83.0,
82.9, 82.7, 82.7, 78.3, 78.2, 78.2, 73.7, 73.7, 65.8, 65.8, 65.1, 65.1, 63.4, 63.2, 45.7, 45.6, 44.3,
44.2,39.8, 39.3,39.3, 37.2, 37.1, 30.9, 30.8, 30.5, 30.5, 30.5, 30.4, 29.7, 20.9, 18.0, 18.0, 18.0,
17.2,17.2,12.6,12.3,12.3, 11.7 (only observed peaks). *'PNMR (162 MHz, CDCl;) §31.9, 30.8.
HRMS-ESI (m/z): [M+H]" caled for C41HgoN4O12PSi, 859.3709; found, 859.3714.

TIPSO /4%?0
e

tert-Alkylphosphonate 3ad
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The product 3ad was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 14.8 mg, 0.017 mmol, 34% isolated yield). The ratio (before
isolation: 1.2:1—after isolation: 1.2:1) of diasteromers was determined by *'P-NMR analysis.
White amorphous solid."H NMR (400 MHz, CDCls) 68.63-8.51 (m, 2H), 7.49-7.15 (m, 7H),
6.28-6.20 (m, 2H), 5.12 (m, 1H), 4.90 (t, J = 5.6 Hz, 0.45H), 4.65 (t, J = 5.8 Hz, 0.55H), 4.24—
4.04 (m, 3.55H), 3.88-3.76 (m, 2H), 3.56 (m, 0.45H), 2.46—1.83 (m, 21H), 1.14-1.03 (m, 21H).
3C NMR (100.6 MHz, CDCl3) §170.4, 170.3, 163.4, 150.1, 139.3, 135.2, 134.8, 134.6, 128.5,
128.5,128.3, 127.3, 111.7, 111.5, 111.2, 86.7, 85.7, 84.8, 84.6, 84.3, 82.7, 78.2, 78.1, 73.8, 73.7,
65.6, 65.0, 64.9, 63.4, 63.3, 51.9, 51.9, 50.5, 39.8, 39.2, 39.2, 37.1, 35.1, 35.0, 34.2, 34.1, 24.2,
24.2,20.9, 18.0, 18.0, 18.0, 12.6, 12.3, 12.3, 11.8 (only observed peaks). *'P NMR (162 MHz,

CDCls) 634.2, 33.1. HRMS-ESI (m/z): [M+H]" calcd for C4,He:N4O12PSi, 873.3866; found,
873.3863.

tert-Alkylphosphonate 3ae
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The product 3ae was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 22.7 mg, 0.026 mmol, 51% isolated yield). The ratio (crude
1.2:1—isolated 1.2:1) of diasteromers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCls) §8.69-8.51 (m, 2H), 7.48-7.22 (m, 7H), 6.28-6.20 (m, 2H),
5.16 (m, 1H), 4.84 (t,J= 6.0 Hz, 0.43H), 4.45 (t, /= 5.6 Hz, 0.57H), 4.26—4.05 (m, 3.57H), 3.86—
3.74 (m, 4H), 3.54-3.50 (m, 1.43H), 3.40 (m, 1H), 2.46-2.34 (m, 5H), 2.11-1.80 (m, 12H), 1.13—
1.02 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.4, 170.4, 163.4, 163.3, 163.2, 150.2, 150.1,
135.3, 134.8, 134.4, 129.3, 129.3, 129.2, 129.2, 129.0, 128.9, 127.7, 127.7, 127.6, 111.7, 111.6,
111.2, 86.9, 85.6, 85.5, 85.0, 84.3, 84.3, 82.9, 82.8, 82.7, 82.6, 78.8, 78.7, 78.4, 73.7, 73.6, 65.1,
65.0, 63.3, 63.2, 62.9, 62.8, 62.7, 43.1, 41.7, 39.9, 39.0, 37.1, 37.1, 30.5, 29.7, 29.6, 20.8, 18.0,

18.0, 18.0, 12.6, 12.3, 11.7 (only observed peaks). *'P NMR (162 MHz, CDCl;) §30.2, 29.1.
HRMS-ESI (m/z): [M+H]" caled for C42HgN4O13PSi, 889.3815; found, 889.3814.
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tert-Alkylphosphonate 3af
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The product 3af was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 14.8 mg, 0.015 mmol, 30% isolated yield). The ratio (crude
1.3:1—isolated 2.2:1) of diasteromers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCls) §8.39-8.20 (m, 2H), 7.47-7.17 (m, 7H), 6.27-6.16 (m, 2H),
5.13 (m, 1H), 4.84 (m, 0.31H), 4.44 (m, 0.69H), 4.22-3.53 (m, 10H), 2.84-2.74 (m, 2H), 2.54—
2.32 (m, 4H), 2.11-2.07 (m, 5H), 1.96-1.88 (m, 6H), 1.43—1.42 (m, 9H), 1.10-1.02 (m, 21H). *C
NMR (100.6 MHz, CDCl3) 6170.4,170.3,163.2, 163.2, 163.1, 154.8, 150.0, 149.9, 135.5, 134.8,
129.3, 129.3, 129.2, 129.2, 129.0, 129.0, 128.9, 128.9, 127.8, 127.7, 111.7, 111.5, 111.2, 86.9,
85.3, 84.3, 82.7,79.9, 77.7, 73.5, 70.5, 63.2, 37.0, 37.0, 29.7, 28.4, 28.3, 20.8, 18.0, 18.0, 18.0,
12.6, 12.3, 12.3, 11.8, 11.7 (only observed peaks). *'P NMR (162 MHz, CDCl;) 30.6, 29.5.
HRMS-ESI (m/z): [M+NH.4]" caled for C47H7aN¢O14PSi, 1005.4764; found, 1005.4765.
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The product 3ag was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 20.0 mg, 0.022 mmol, 44% isolated yield). The ratio (crude
1.2:1—isolated 1.2:1) of diasteromers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCls) 6 8.48-8.38 (m, 2H), 7.52-7.07 (m, 12H), 6.27-6.20 (m, 2H),
5.19 (m, 0.55H), 5.06 (m, 0.45H), 4.93 (t, J = 6.0 Hz, 0.45H), 4.42 (m, 1H), 4.27 (m, 0.55H),
4.17-4.11 (m, 2.55H), 3.87 (m, 1H), 3.63 (m, 0.55H), 3.50 (s, 0.45H), 3.29 (m, 0.45H), 2.50 (m,
0.45H), 2.30 (m, 1H), 2.10-2.02 (m, 6H), 1.97-1.69 (m, 8.55H), 1.12-1.03 (m, 21H). *C NMR
(100.6 MHz, CDCl3) 6170.6,170.3,163.5,163.5, 163.4, 163.3, 150.2, 150.2, 142.7, 142.7, 142.5,
142.5, 140.8, 140.8, 140.3, 140.3, 134.9, 134.8, 134.5, 129.2, 129.1, 129.0, 129.0, 128.5, 128.4,
128.3,128.2,127.5,127.2,111.7,111.6, 111.2, 111.2, 87.1, 85.3, 85.3, 84.6, 84.5, 84.3, 83.0, 82.9,

tert-Alkylphosphonate 3ag
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82.7, 82.6, 79.2, 79.2, 79.2, 79.1, 74.0, 74.0, 65.8, 65.7, 65.1, 65.0, 63.3, 63.2, 51.0, 50.9, 49.6,
49.6, 40.0, 38.8, 38.7, 37.0, 29.7, 25.1, 25.0, 20.8, 18.0, 18.0, 18.0, 18.0, 12.5, 12.3, 12.2, 12.1,
11.8, 11.7 (only observed peaks). *'P NMR (162 MHz, CDCls) §31.1, 30.0. HRMS—ESI (m/z):
[M+NH4]" caled for CssHesNsO12PSi, 926.4131; found, 926.4140.

TIPSO f(fo
~
@]

tert-Alkylphosphonate 3ah

AcO
The product 3ah was purified by flash chromatography on silica gel (80:20:0-50:45:5,

hexane/EtOAc/MeOH) (Table 3-4; 34.1 mg, 0.039 mmol, 77% isolated yield). The ratio (crude
1:1—isolated 1:1) of diasteromers was determined by *'P-NMR analysis. Off-white amorphous
solid. "H NMR (400 MHz, CDCls) 68.46-8.32 (m, 2H), 7.62 (s, 0.5H), 7.45-7.36 (m, 1.5H),
6.38-6.27 (m, 2H), 5.27-5.17 (m, 2H), 4.89 (d, J = 4.4 Hz, 0.5H), 4.76 (d, J = 4.0 Hz, 0.5H),
4.41-4.19 (m, 4H), 4.03-3.94 (m, 2H), 2.58 (m, 1H), 2.44 (m, 1H), 2.30-2.10 (m, 5H), 1.95-1.91
(m, 6H), 1.63-1.55 (m, 6H), 1.42-1.41 (m, 9H), 1.17-1.08 (m, 21H). *C NMR (100.6 MHz,
CDCls3) 6170.5,170.3,163.8, 163.7, 163.6, 154.2, 154.2, 154.1, 150.5, 150.4, 150.4, 150.4, 135 .4,
134.9,134.9, 111.8, 111.7, 111.2, 111.2, 86.7, 85.8, 85.7, 85.0, 84.7, 84.4, 82.9, 82.8, 82.7, 82.7,
79.9, 79.8, 78.6, 78.5, 78.3, 78.3, 73.9, 73.8, 66.2, 66.1, 65.3, 65.3, 63.4, 63.3, 52.8, 52.8, 51.3,
51.2, 39.8, 39.3, 39.2, 37.0, 36.8, 28.3, 23.8, 23.8, 23.5, 23.3, 20.8, 18.0, 12.4, 12.3, 12.2, 11.8
(only observed peaks). *'P NMR (162 MHz, CDCl;) §30.0, 29.2. HRMS-ESI (m/z): [M+NH,4]"
caled for C39HssN6O14PSi, 903.4295; found, 903.4296.

TIPSO %4740
e

tert-Alkylphosphonate 3ai

AcO
The product 3ai was purified by flash chromatography on silica gel (80:20:0-50:45:5,

hexane/EtOAc/MeOH) (Table 3-4; 41.8 mg, 0.047 mmol, 93% isolated yield). The ratio (crude
1.2:1 —isolated 1.1:1) of diastereomers was determined by *'P-NMR analysis. Off-white
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amorphous solid. '"H NMR (400 MHz, CDCl3) §8.47-8.37 (m, 2H), 7.62 (s, 0.48H), 7.46-7.35
(m, 1.52H), 6.38-6.25 (m, 2H), 5.26-5.21 (m, 2H), 5.10 (s, 0.52H), 4.92 (s, 0.48H), 4.39-4.18
(m, 4H), 4.05-3.93 (m, 2H), 2.63-2.10 (m, 13H), 1.96-1.91 (m, 6H), 1.42 (s, 9H), 1.19-1.08 (m,
21H). BC NMR (100.6 MHz, CDCl3) §170.4, 170.3, 163.7, 163.7, 163.6, 153.9, 153.8, 150.5,
150.4, 150.3, 135.4, 135.2, 134.9, 111.7, 111.6, 111.2, 111.2, 86.6, 85.9, 85.9, 85.2, 84.8, 84.4,
84.4,82.9, 82.9, 82.8, 82.8, 80.0, 80.0, 78.5, 78.4, 78.3, 73.9, 66.0, 65.9, 65.4, 65.3, 63.5, 63.4,
54.2,54.1, 52.7, 52.5, 39.8, 39.4, 39.4, 37.0, 36.7, 29.9, 29.7, 29.4, 28.3, 28.3, 20.9, 18.0, 16.4,
12.5, 12.3, 11.8 (only observed peaks). *'P NMR (162 MHz, CDCl;) §27.5, 26.7. HRMS-ESI
(m/z): [M+NH.4]" caled for C40HgsNgO14PSi, 915.4295; found, 915.4298.

TIPSO f#o
~C
O

tert-Alkylphosphonate 3aj

AcO

The product 3aj was purified by flash chromatography on silica gel (80:20:0-50:45:5,
hexane/EtOAc/MeOH) (Table 3-4; 23.7 mg, 0.028 mmol, 55% isolated yield). The ratio (crude
1.2:1—isolated 1.2:1) of diastereomers was determined by *'P-NMR analysis. White amorphous
solid. "H NMR (400 MHz, CDCl;) & 8.58-8.33 (m, 2H), 7.58 (m, 0.45H), 7.44 (m, 1H), 7.38 (m,
0.55H), 7.31-7.27 (m, 2H), 7.17-7.05 (m, 3H), 6.41-6.29 (m, 2H), 5.36-5.29 (m, 2H), 4.52-4.31
(m, 3H), 4.22 (s, 1H), 4.05-3.81 (m, 2H), 2.59 (m, 1H), 2.44 (m, 1H), 2.25-2.10 (m, SH), 1.94—
1.90 (m, 6H), 1.58-1.44 (m, 6H), 1.14-1.01 (m, 21H). *C NMR (100.6 MHz, CDCl;) §170.5,
170.4, 163.4, 163.3, 153.1, 153.0, 153.0, 152.9, 150.2, 150.2, 135.2, 134.8, 134.8, 129.2, 124.9,
124.2, 111.8, 111.7, 111.3, 111.2, 86.7, 86.7, 86.0, 86.0, 84.8, 84.7, 84.5, 84.3, 83.0, 82.9, 82.8,
82.7,79.7, 79.6, 78.8, 78.8, 78.7, 78.0, 77.8, 74.0, 73.9, 66.2, 66.1, 65.7, 65.6, 63.5, 63.4, 40.0,
39.5,39.4,37.2,37.0, 29.7, 29.6, 23.8, 23.8, 23.3, 23.3, 22.6, 22.6, 22.2, 22.2, 20.9, 20.8, 18.0,
17.9, 12.4, 12.3, 11.8, 11.7 (only observed peaks). *'P NMR (162 MHz, CDCl;) §25.9, 25.3.
HRMS-ESI (m/z): [M+H]" caled for C40HgoN4O13PSi, 863.3658; found, 863.3659.
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7. X-ray Structure of (Rp)-3aa

Details of the crystal data and a summary of the intensity data collection parameters for (Rp)-
3aa are listed in Table S3-1. A suitable crystal obtained by recrystallization from acetonitrile and
water was mounted with mineral oil on a MiTeGen MicroMounts and transferred to the
goniometer of the kappa goniometer of a RIGAKU XtaLAB Synergy-S system with 1.2 kW
MicroMax-007HF microfocus rotating anode (Graphite-monochromated Mo Ka radiation (4 =
0.71073 A)) and HyPix-6000HE hybrid photon-counting detector. Cell parameters were
determined and refined, and raw frame data were integrated using CrysAlis’™ (Agilent
Technologies, 2010) and a multi-scan absorption correction using SCALE3 ABSPACK was
applied. The structures were solved by direct methods with SHELXT"! and refined by full-matrix
least-squares techniques against /> (SHELXL-2018/3)"? by using Olex2 software package.'* The
intensities were corrected for Lorentz and polarization effects. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms were refined isotropically
on calculated positions using a riding model with their Ui, values constrained to 1.5 times the Ueq
of their pivot atoms for terminal sp® carbon atoms and 1.2 times for all other carbon atoms.
Crystallographic data for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre. CCDC 2263561 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table S3-1. Crystallographic data and structure refinement details of (Rp)-3aa

(Rp)-3aa
CCDC No. 2263561
formula C40H59N4O1 2PSi
fw 846.97
T (K) 123(2)
A(A) 0.71073
cryst syst orthorhombic
space group P2,2,2,
a(A) 9.8268(2)
b (A) 13.5743(4)
c(A) 32.2626(14)
o (deg) 90
f (deg) 90
7 (deg) 90
V(A% 4303.6(2)
Z 4
Deae (gem™) 1.307
4 (mm™) 0.157
F(000) 1808
cryst size (mm?*) 0.2 x0.04 x 0.01
2@ range (deg) 5.12 to 54.97
reflns collected 22102
indep reflns/Rint 9462 /0.0632
params 534
GOF on F? 1.050

Ri, wRy [IP20 (1)]
Ri, wR; (all data)
Flack parameter

0.0692, 0.1709
0.0909, 0.1798
-0.11(8)
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8. Derivatization of fert-Alkylphosphonates to the Phosphoramidites
Procedure for synthesis of (Sp)-3aa-3 and (Rp)-3aa-3

Qo
//(f O DMTO =_o
o

OH =\_0 DMTrO fkfo ¢ \OAN NH

o O c o_n )\ Po ~_CN r

MeO N™ "0 S o

1) 28% NH; aq/40% MeNH, (1:1) PY
rt, 30 min, :

(Sp)3ad ——0—— > Q.0

Q9,0

o DMTr-Cl (3.0 equiv. $ 2 equiv. %
£ reiefeah) , do ° I ey P”xp‘o f(fo
i P idi Ph P DIPEA (3.0 equi O N
2) TBAF (1.5 equiv.) 7\\ ~0 fkfo pyridine, rt, 16 h wP=0 = o) (3.0 equiv.) NH
THF, 1t, 1.5 h o MeCN, 0°C to rt, h
SOty A oY
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o S OV e PN SOy
N, O. N CN
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(Rp)3a2a ——— > 20 _— Q.0 _ x ‘0 o ZN\=0
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YNH NH S o
2 I \ r 0
HO HO' o /LN’P\ N

(Rp)-3aa-1 (Rp)-3aa-2
60% 82%

(Rp)-3aa-3
26%

Figure S3-3. Derivatization of tert-alkylphosphonates to the phosphoramidites

Deprotection. (Sp)-3aa (250 mg, 0.30 mmol) was disolved in ammonia solution (28% NHj3 aq.:
40% MeNH, aq. = 1:1). Stirred for 30 min, the reaction mixture was evaporated to remove
solvents and reactants. The residue was used for the desilylation without further purification. The
residue was disollved in THF (0.7 mL) and the THF solution of tetrabutylammonium fluoride
(0.44 ml, 0.44 mmol) was added to the solution. The reaction mixture was stirred for 90 min and
then was evaporated. The crude mixture was purified by silica-gel column chromatography (silica
gel, hexane/EtOAc = 50:50 to EtOAc only, then EtOAc/MeOH = 100:0 to 90:10) to obtain (Sp)-
3aa-1 (120 mg, 0.19 mmol, 63%). (Rp)-3aa-1 was synthesized using the same protocol (46 mg,

0.07 mmol, 60% from 0.12 mmol scale synthesis).

DMTr protection. To a solution of (Sp)-3aa-1 (120 mg, 0.19 mmol) in dry pyridine (2.0 mL) was
added 4,4'-{chloro(phenyl)methylene}bis(methoxybenzene) (190 mg, 0.56 mmol) at room
temperature. After stirring for 16 hours under a dry atmosphere, the reaction was quenched with
MeOH (1 mL) and then the solvent was evaporated. The crude product was purified by column
chromatography (silica gel, hexane/EtOAc = 20:80 to EtOAc only, then EtOAc/MeOH = 100:0
to 90:10) to give (Sr)-3aa-2 (170 mg, 0.18 mmol, 97 %) as amorphous solid. (Rp)-3aa-2 was

synthesized using the same protocol (42 mg, 0.044 mmol, 82% from 0.05 mmol scale synthesis).
Phosphoramidation. To a solution of (Sp)-3aa-2 (160 mg, 0.17 mmol) in dry MeCN (4.0 ml)

was added DIPEA (0.10 ml, 0.59 mmol) and 3-
[ {chloro(diisopropylamino)phosphaneyl} oxypropanenitrile] (0.094 ml, 0.34 mmol) at 0 °C.
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Cooling bath was removed and the mixture was allowed to be stirred at room temperature under
dry nitrogen for 1 h. The reaction mixture was washed with hexane (SmL). The resulting oil was
purified by column chromatography (silica gel, pre-wetted with hexane/EtOAc/triethylamine =
25:74:1, eluted with hexane/EtOAc = 25:75 to EtOAc only) to give (Sp)-3aa-3 (110 mg, 0.098
mmol, 58%) as a colorless amorphous solid. (Rp)-3aa-3 was synthesized using the same protocol,
but the further purification with column chromatography (silica gel, pre-wetted with
hexane/EtOAc/triethylamine = 25:74:1, eluted with hexane/EtOAc = 25:75 to EtOAc only) was

required to result in lower yield. (12 mg, 0.04 mmol, 26% from 0.04 mmol scale synthesis).

9. Characterization Data for Phosphoramidites
(Sr)-3aa-1

(Sp)-3aa-1

Colorless amorphous solid. The sample contains inseprable impurities. "H NMR (400 MHz,
CD;0D) 67.76 (m, 1H), 7.58=7.56 (m, 2H), 7.37-7.34 (m, 3H), 7.25 (m, 1H), 6.23-6.17 (m, 2H),
4.86 (m, 1H), 4.28 (m, 1H), 4.18-4.05 (m, 3H), 3.99 (m, 1H), 3.69-3.68 (m, 2H), 2.22 (m, 1H),
2.11-2.04 (m, 3H), 1.89-1.85 (m, 6H), 1.70-1.65 (m, 6H). *C NMR (100.6 MHz, CD;OD)
0166.3, 166.3, 152.3, 152.2, 141.5 (d, Jcr = 5.1 Hz), 137.8, 137.5, 129.5 (x2C) (d, Jcp = 2.8
Hz), 128.9 (x2C) (d, Jc» = 5.4 Hz), 128.4 (d, Jc » = 2.8 Hz), 111.9, 111.8, 87.4 (d, Jc » = 3.5 Hz),
86.5,86.2 (d, Jc»=6.5Hz),85.9,79.1 (d, Jc »=7.6 Hz), 71.8, 67.3 (d, Jc » = 7.8 Hz), 62.4, 40.4
(d, Jo» = 135.8 Hz), 40.4, 39.3 (d, Jc—r = 4.6 Hz), 24.4 (d, Jc-» = 3.8 Hz), 24.1 (d, Jcp = 4.1 Hz),
12.7, 12.4. P NMR (162 MHz, CD;OD) &33.7. HRMS-ESI (m/2): [M+H]" calcd for
C29H3sN4011P, 649.2269; found, 649.2288.
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(Sr)-3aa-2

DMTrO \_0O
o}

(Sp)-3aa-2

Colorless amorphous solid. "H NMR (400 MHz, CDCl3) §9.09-8.98 (m, 2H), 7.58-7.56 (m,
2H), 7.39-7.19 (m, 13H), 7.08 (s, 1H), 6.84-6.82 (m, 4H), 6.30 (m, 1H), 6.13 (m, 1H), 4.81 (m,
1H), 4.19 (m, 1H), 4.12 (m, 1H), 3.99 (m, 1H), 3.85-3.78 (m, 8H), 3.42-3.34 (m, 3H), 2.28 (s,
1H), 2.10-2.08 (m, 2H), 1.95-1.89 (m, 4H), 1.69-1.65 (m, 6H), 1.38 (s, 3H). *C NMR (100.6
MHz, CDCls3) 6163.6, 158.7, 158.7, 150.4, 150.1, 144.1, 139.9, 139.9, 135.3, 135.2, 135.1, 135.0,
130.1, 128.5, 128.5, 128.1, 128.0, 127.7, 127.7, 127.6, 127.5, 127.2, 113.3, 111.6, 111.1, 87.1,
85.0, 85.0, 84.8, 84.6, 84.2, 77.8, 77.7, 77.2, 70.5, 64.8, 63.1, 55.3, 40.0, 39.6, 38.7, 38.7, 38.7,
24.0, 24.0, 23.7,23.7, 12.6, 11.6 (only
observed peaks). P NMR (162 MHz, CDCl;) 634.7. HRMS-ESI (m/z): [M+NH4]" calcd for
CsoHsoNsO13P, 968.3842; found, 968.3840.

(Sr)-3aa-3

DMTrO f&/éo
N

e}

(Sp)-3aa-3

Colorless amorphous solid. "H NMR (400 MHz, CDCl;) 68.45 (brs, 2H), 7.58-7.56 (m, 2H),
7.39-7.11 (m, 14H), 6.83-6.81 (m, 4H), 6.29 (m, 1H), 6.19 (m, 1H), 4.82 (m, 1H), 4.36 (m, 1H),
4.11-4.03 (m, 3H), 3.93-3.57 (m, 11H), 3.35-3.30 (m, 2H), 2.65-2.60 (m, 2H), 2.38 (m, 1H),
2.07-2.00 (m, 2H), 1.92-1.80 (m, 4H), 1.70-1.65 (m, 6H), 1.34-1.17 (m, 15H). *C NMR (100.6
MHz, CDCls3) 6163.4,163.3,158.7, 158.7, 150.1, 150.0, 149.9, 144.1, 144.0, 140.2, 140.1, 140.1,
140.1, 135.2, 135.2, 135.1, 135.1, 134.9, 134.9, 130.1, 128.5, 128.1, 128.0, 127.7, 127.6, 127.5,
127.4,127.2,117.6, 113.3, 111.5, 111.3, 111.2, 87.1, 85.2, 85.0, 84.9, 84.3, 84.0, 83.9, 77.9, 77.9,
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77.2,73.2,73.0, 72.9, 72.7, 64.6, 64.5, 64.5, 63.1, 63.1, 58.2, 58.1, 58.0, 57.9, 55.3, 43.4, 43.3,
40.0, 39.3, 39.2, 38.8, 38.7, 30.9, 24.6, 24.5, 24.5, 24.2, 24.2, 23.7, 23.6, 23.5, 23.5, 20.5, 20.4,
20.3, 20.3, 12.6, 12.5, 11.5 (only observed peaks). *'P NMR (162 MHz, CDCl;) §149.3, 149.1,
34.4,34.4. HRMS—ESI (m/z): [M+NH4]" calcd for CsoH76N7014P2, 1168.4920; found, 1168.4934.

(Rp)-3aa-1

HO
(Rp)-3aa-1
Colorless amorphous solid. The sample contains inseprable impurities. "H NMR (400 MHz,

CDsOD) 67.74 (m, 1H), 7.58-7.56 (m, 2H), 7.49 (m, 1H), 7.37-7.35 (m, 2H), 7.28 (m, 1H),
6.24-6.19 (m, 2H), 4.85 (m, 1H), 4.26 (m, 1H), 4.13 (m, 1H), 4.04 (m, 1H), 3.96 (m, 1H), 3.82
(m, 1H), 3.58 (m, 1H), 3.43 (m, 1H), 2.38 (m, 1H), 2.23-2.10 (m, 3H), 1.88-1.84 (m, 6H), 1.69—
1.65 (m, 6H). ®C NMR (100.6 MHz, CDCl;) §166.3, 166.3, 152.3, 152.2, 141.6 (d, Jcp = 5.1
Hz), 137.7 (x2C), 129.4 (x2C) (d, Jcr = 2.7 Hz), 128.9 (x2C) (d, Jc—» = 5.4 Hz), 128.4 (d, Jcp =
3.0 Hz), 111.9, 111.9, 87.1 (d, Jc» = 6.0 Hz), 86.5, 86.2 (d, Jc—» = 5.2 Hz), 86.0, 79.4 (d, Jcr =
7.6 Hz), 71.6, 68.0 (d, Jcp = 7.8 Hz), 62.5, 40.5 (d, Jcp = 136.0 Hz), 40.5, 40.2 (d, Jc» = 2.1 Hz),
24.4 (d, Jop =3.7Hz), 24.1 (d, Jcp = 3.9 Hz), 12.5, 12.5. P NMR (162 MHz, CD;0D) §33.3.
HRMS-ESI (m/z): [M+H]" calcd for C2oH3sN4O11P, 649.2269; found, 649.2286.

(Rp)-3aa-2

DMTrO —\_0
o

(Rp)-3aa-2
Pale yellow amorphous solid. '"H NMR (400 MHz, CDCls) §9.62 (brs, 1H), 9.21 (brs, 1H),
7.52-7.45 (m, 3H), 7.30-7.16 (m, 12H), 7.06 (m, 1H), 6.85-6.83 (m, 4H), 6.34 (m, 1H), 6.21 (m,
1H), 4.66 (m, 1H), 4.44 (m, 1H), 4.25 (m, 1H), 4.12-3.99 (m, 3H), 3.81-3.79 (m, 7H), 3.26 (m,
1H), 2.78 (m, 1H), 2.54 (m, 1H), 2.44-2.29 (m, 2H), 2.08 (m, 1H), 1.93 (s, 3H), 1.64-1.57 (m,
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6H), 1.29 (s, 3H). *C NMR (100.6 MHz, CDCl3) §163.7, 163.5, 163.5, 158.8, 158.8, 151.1,
150.3, 143.8, 140.0, 139.9, 135.6, 135.1, 135.0, 134.9, 130.1, 128.3, 128.3, 128.2, 128.0, 127.5,
127.4,127.4,127.3,127.3, 113.3,112.2, 111.1, 87.3, 85.3, 84.8, 84.7, 84.4, 84.3, 84.3, 79.7, 79.7,
77.2,70.8,65.4,65.3,63.3,55.3,40.3,40.2, 39.0,24.4,24.4,23.4,23.4,12.5, 11.5 (only observed
peaks). *'P NMR (162 MHz, CDCly) §34.0. HRMS-ESI (m/z): [M+NH4]" calcd for
CsoHsoNs5O13P, 968.3842; found, 968.3841.

(Rp)-3aa-3

DMTrO fgﬁo
\@’N NH
o
e

Ph P.’,,,O f(fo
" \\GAN NH

\ )

0]

o
)\N,P\ o ~CN
A

(Rp)-3aa-3

Colorless amorphous solid. "H NMR (400 MHz, CDCls) &8.44-8.40 (m, 2H), 7.48-7.10 (m,
16H), 6.85-6.82 (m, 4H), 6.36 (m, 1H), 6.19 (m, 1H), 4.90 (m, 1H), 4.45 (m, 1H), 4.21-4.06 (m,
3H), 3.86-3.59 (m, 11H), 3.26 (m, 1H), 2.87 (m, 1H), 2.65-2.62 (m, 2H), 2.51-2.34 (m, 3H),
2.01-1.88 (m, 4H), 1.62-1.56 (m, 6H), 1.30-1.18 (m, 15H). *C NMR (100.6 MHz, CDCls)
0163.5,163.3, 158.8,150.2, 150.2, 150.0, 143.9, 140.3, 140.2, 136.0, 135.8, 135.3, 135.3, 135.1,
134.9, 130.1, 128.3, 128.3, 128.2, 128.0, 127.6, 127.5, 127.5, 127.5, 127.3, 117.8, 113.1, 111.6,
111.2,111.1, 87.2, 85.7, 84.5, 84.4, 84.2, 78.7, 78.6, 78.4, 77.2, 73.2, 65.5, 63.3, 58.1, 57.9, 55.3,
43.4,43.4,43.3,43.2,40.2,40.2, 39.8, 39.4, 39.4, 39.1, 38.8, 38.8, 24.6, 24.5, 24.5, 24.4, 23.6,
20.5, 20.4, 20.4, 20.4, 12.,3 11.5, 11.4 (only observed peaks). 3p NMR (162 MHz, CDCl;)
61493, 148.9, 33.4, 33.3. HRMS-ESI (m/z): [M+NH4]" calcd for CsoH76N7O014P>, 1168.4920;
found, 1168.4943.

10. Procedure for Automated Solid-Support Synthesis of Oligonucleotides

The automated solid-support synthesis of oligonucleotides were performed on nSS8-II
(GeneDesign). The detailed protocol for nS8-II was given in the table below. All the
oligonucleotides were synthesized using low-loaded Unylinker™ universal solid support (0.5
umol, 42.6 umol/g, ChemGenes, N-4000-10). After the synthetic cycle, the solid support was
dried with an argon gas flush and placed into a 2 mL microtube. 500 uL of ammonia methyl amine
(AMA) solution (28% NHs aq./ 40% MeNH, aq. = 1/1) was added to the tube and the support was
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treated for 30 minutes at 58 °C. The remaining ammonia and MeNH; was evaporated and purified
with the cartridge purification system (Glen-Pak™ DNA Purification Cartridge, #60-5200,
according to the manual provided) to afford aqueous solution containing the purified
oligonucleotide. UV absorbance of the solution was measured and then the sample was
lyophilyzed to afford a white powder. Yield was calculated based on absorbance of 260 nm, in
which the molar absorption coefficient of the oligonucleotides (Oligo-1-8) was calculated from

the known 260 nm absorption coefficient of thymine in aqueous media.

Synthesis cycle for oligonucleotides (0.5 umol scale)

. Volume o
Step  Reaction Reagent Reaction time
(1CV =500uL)
. . Dichloroacetic Acid-Toluene 2CV 90 sec
1 Detritylation ) ) .
(3:97) (incubation twice) (60 + 30 seq)
4 min for
) Activator solution: 0.1M Amidite (Rp/Sp)-322a-3
2 Coupling ) 12 eq. ]
solution = 40:60 1 min for
dT amidite

o Iodine Solution (abt. 0.05mol/L)] ] .
3 Oxidation o 1 CV (incubation) 30 sec
[Pyridine: Water(9:1)

1-Methylimidazole-
) Acetonitrile (2:8) + , ,
4 Capping , . o 1 CV (incubation) 90 sec
Acetic Anhydride-2,6-Lutidine-

Acetonitrile (2:3:5)

Note: Before starting the coupling cycle, conduct deblocking of DMTr group on solid-support
sufficiently in order to prevent generation of -1nt oligomer byproduct. The dimer amidite (Rp/Sp)-

3aa-3 was dehydrated by azeotropic distillation and dried in vacuo with P,Os before use.

UPLC-MS’s LC charts and ESI-QTOF MS spectra of oligonucleotides
Analysis conditions with Waters UPLC MS systems

System Waters, UPLC Xevo G2-XS QTof
column ACQUITY UPLC OST C18 Column, 1.7 pm, 2.1 x 50 mm
Buffer A-++240 mM HFIP, 7 mM TEA (5% MeOH)
B+ -240 mM HFIP, 7 mM TEA (100% MeOH)
Gradient 10 to 80 for 6min

Flow rate0.2 ml/min
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Column oven temperature 60 °C
Detector UV 260 nm

Oligo-1 (R,)-TTTTTTTTT,, T

2: UV Detector: 260.003 Nm (4) 5.846e-1
41% Range: 6.916e-1
3.09
E [
4.0e-17 |
E |
2 El |
“ 2.0e-1 (2) ‘\‘
E 18% |
El 1.03 \
0.0 ﬂhi""” ~
= T T T T T T T > Time
1.00 2.00 3.00 4.00 5.00 6.00
1l: TOF MS ES- :TIC Smooth (Mn, 2x2) (5) 1.7e+008
90%
1004 3.16
803
603 |
o El [
404 J
203 ‘
O T T T T T T i o - o - Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo DMB Rp 3end 185 (3.146) Cm (181:195) 1: TOF MS ES-
100- 1539.5336 8.89e7
540.0319
1539.0194
540.5302
541.0284
1025.9930 541.5270
1025.6652. 1026.3210 2053.0498 3080.1436
1026.6622 1214.9502 1506.5275 |1550.5129 2052.7158.
ottt ; b ; ; ; ek e iz
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80
230308 D40906 photo DMB Rp 3end 185 (3.146) Cm (181:195)
1539.5336

1: TOF MS ES-
8.89e7

100+
1540.0319
1539.0194
1540.5302
=
1541.0284
1541.5270
1650.6129 1551.0129
o ; ; allablo AA ; ‘ ; LAL ; ; ; ‘ — miz
1534 1536 1538 1540 1542 1544 1546 1548 1550 1552 1554 1556 1558 1560 1562
10-80
230308 D40906 photo DMB Rp 3end 185 (3.146) Cm (181:195) 1: TOF MS ES-
3080.1436 5.62e6
100
3081.1438
=
3079.1436
3082.1443
3083.1448
; v ; ; ; ; e ; ? ; ; ey o s y ; ; ; ; ’ miz
3035 3040 3045 3050 3055 3060 3085 3070 3075 3080 3085 3090 3095 3100 3105 3110 3115 3120 3125 3130 3135 3140
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Oligo-2 (Sp)-TTTTTTTTTAuT

2: UV Detector: 260.003 Nm (3) 5.124e-1
37% Range: 6.193e-1
3.14
H {
] |‘
4.0e-1
E ‘I
) ] \
2.0e-1
< ] (2) |
E 21% ,
] 1.03 I
0.0+ al R
E ! —
S —————————————— Time
1.00 2.00 3.00 4.00 5.00 6.00
1: TOF MS ES- :TIC Smooth (Mn, 2x2) (4) 1.6e+008
91%
100+ 3.2
o° I
e e e 7+~ Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo DMB Sp 3end 188 (3.197) Cm (182:193) 1: TOF MS ES-
100+ 15639.0194 7.59e7
540.0157
540.5302
<
541.0284
1025.9930
1025.6520_|1026:3210 SH9210 2053.0498
026.6622 1506.5116 2052.7158 | 20537180 3080,1208
910.9484 a 1214.9502 1 1550.5129 054.0520
A PR IRRSTPMS NPT S TS OSSNV : S A : : L e
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80
230308 D40906 photo DMB Sp 3end 188 (3.197) Cm (182:193)

1: TOF MS ES-
7.59e7

100+ 1539.0194
1540.0157
1540.5302
<
1541.0284
1541.5270
15420255 1550.5129
1520 1522 1524 1526 1528 1530 1532 1534 1536 1538 1540 1542 1544 1546 1548 1550 1552 1554 1556 1558 1560 1562 1564 1566 1568 1570
10-80
230308 D40906 photo DMB Sp 3end 188 (3.197) Cm (182:193) 1: TOF MS ES-
3080.1208 5.01e6
1004
3081.1211
=l
3079.1208
3082.1216
3083.1448
ol ‘ it et : : o ALt oy ; ‘ ‘ ‘ ; miz
3035 3040 3045 3050 3055 3060 3065 3070 3075 3080 3085 3090 3095 3100 3105 3110 3115 3120 3125 3130 3135 3140
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Oligo-3 (R,)-TTTTT,, TTTTT

2: UV Detector: 260.003 Nm (6) 4.308e-1
31% Range: 5.379%e-1
2.80
4.0e-1] |
E 1
2.0e-1] I
b E
E: ] @) (4) I
E 39% 30% I
] 0.70 71,03 I
0.0+———/] S— ——
] ——] e
-_....,....,....,....,....,....,....,....,....,....,....,....,'.I.‘ime
1.00 2.00 3.00 4.00 5.00 6.00
1l: TOF MS ES- :TIC Smooth (Mn, 2x2) (7) 1.4e+008
88%
100- 2.‘88
803 A
603 (1
o 3 [
404 “
203 |
17— Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo DMB Rp mid 168 (2.859) Cm (163:176) 1: TOF MS ES-
100+ 1539.5176 8.06e7
1539.0194.
540.0157
B 540.5140
541.0284
1025.9930
1025.6520. 541.5270
026.6622 1550.5129 2052'7?233'3535 3080.1208
0. 1] L Ll A‘\{II‘L : L, Lok J‘L . - . . \l . . . . . . ; . . miz
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400

152



10-80

230308 D40906 photo DMB Rp mid 168 (2.859) Cm (163:176) 1: TOF MS ES-
1539.5176 8.06e7
100-
1539.0194
1540.0157
= 15405140
1541.0284
1541.5270
1550.5129
oL ‘ ‘ ‘ —'") | . ‘ ‘ ‘ ‘ ‘ e
1515 1520 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570 1575 1580 1585
10-80
230308 D40906 photo DMB Rp mid 168 (2.859) Cm (163:176) 1: TOF MS ES-
3080.1208 3.76¢6
100-
3081.1211
o
3079.1208
3082.1216
3083.1221
, Rt s At it s
3055 3060 3065 3070 3075 3080 3085 3080 3095 3100 3105 atho at15 3120
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Oligo-4 (Sp)-TTTTTAWTTTTT

2: UV Detector: 260.003 Nm (5) 2.972e-1
26% Range: 4.048e-1
2.83
E |
2.0e-17 |
. l
2 1.0e-1; I
3 \
0.03 — =
-1.0e-14, . T Time
1.00 2.00 3.00 4.00 5.00 6.00
1l: TOF MS ES- :TIC Smooth (Mn, 2x2) (6) 1.2e+008
86%
100, 2.:99
803 |
603 |
o El |
405
203
e+ Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo DMB Sp mid 170 (2.893) Cm (165:177) 1: TOF MS ES-
100+ 1539.5176 7.31e7
1539.0194.
540.0157
7 540.5140
541.0125
1025.9930 541.5270
1506.5116
1551.0129 2053.0498
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80
230308 D40906 photo DMB Sp mid 170 (2.893) Cm (165:177)

1: TOF MS ES-
7.3

100+ 1539.5176 1e7
1539.0194
1540.0157
<
1540.5140
1541.0125
1541.5270
1550.5129
o ‘ ‘ ‘ ‘ bl .. ‘ | ‘ ‘ e
1510 1515 1520 1525 1550 1535 1540 1545 1550 1555 1560 1565 1570 1575 1580

10-80
230308 D40906 photo DMB Sp mid 170 (2.893) Cm (165:177) 1: TOF MS ES-
3080.1208 2.14e6

100+

3081.1211
=l
3079.1208
3082.1216
3083.1221
Nttt e S N m N
0 T { f f i T T 7 ; T 7 T { T2 miz
3055 3060 3065 3070 3075 3080 3085 3090 3095 3100 3105 3110 3115 3120
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Oligo-S (SP,SP)-TAlkTTTTTTTTAlkT

2: UV Detector: 260.003 Nm (7) 3.204e-1
26% Range: 4.275e-1
3.66
3.0e-1 ;
2.0e-1] l
E \
=) E (3) (\
1.0e-1 |
< N 26% I
E 1.03 \
0.03 ﬂrPT ——
‘1~°e‘_:.,.‘|y.yy,y.yy,y.yx,\.i.,y.y.,y...,y.‘.,..‘.‘.y.i[.yy.,.y,”Time
1.00 2.00 3.00 4.00 5.00 6.00
1l: TOF MS ES- :TIC Smooth (Mn, 2x2) (8) 1.4e+008
89%
1004 3.72
804 |
603 |
o 3
405
20
o T e e e Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo DMB Sp 53end 218 (3.705) Cm (214:227) 1: TOF MS ES-
100+ 1590.5546 8.94e7
1590.0482|
591.0610
591.56511
592.0577
592.5480
1060.0126
1059.6792. 10606794 1657.5526 593.0547 2121.4199 3182.1953
T SVEM R H O e ; by : ; : : ; . miz
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80
230308 D40906 photo DMB Sp 53end 218 (3.705) Cm (214:227)

1: TOF MS ES-
8.94e7

m/z

m/z

100+ 1590.5546
1590.0482
1591.0610
1691.6511
=
1592.0577
1592.5480
1593.0547

0 T T T v e T ! n L T t T T T T

1570 1575 1580 1585 1590 1595 1600 1605 1610 1615 1620 1625 1630
10-80
230308 D40906 photo DMB Sp 53end 218 (3.705) Cm (214:227) 1: TOF MS ES-

3182.1953 3.19e6
100+
3183.1887
=
3181.1787 3184.2056
3185.1995
0 Y Y S f Y T T T L ? e o y T ~
3150 3155 3160 3165 3170 3175 3180 3185 3190 3195 3200 3205 3210 3215 3220
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Oligo-6 TTTTTTTTTT

2:

UV Detector: 260.003 Nm (7) 9.369e-1
21% Range: 1.047
2.04
|I\
i
7.5e- i
|
[
5.0e- Il
2 |
I
2.5e- |
0.03 A L
B T T T T T T Time
1.00 2.00 3.00 4.00 5.00 6.00
1: TOF MS ES- :TIC Smooth (Mn, 2x2) (8) 2.6e+008
84%
100 2.10
80
603
-
403
El (3)
203 3%
3 0.73
e Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230427 D40905 photo PO 1 123 (2.097) Cm (117:129) 1: TOF MS ES-
100 1489.0283 1.07e8
1488.5225|
1488.0327
1489.5341
490.0240
991.9995
991.6642
92.3221 1985.0513
ot09731 | oo 19847228, [1985.7264 2978.1:73;.1292
0249731 784,990 4905300 986.0551
1214.9786 1500.0167
‘ { j/ 1984.3944
0 I H Ll Ll g .lk llllll LAl l L miz
600 ' 800 ' 1000 ' 1200 ' 1400 ' 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80

230427 D40905 photo PO 1 123 (2.097) Cm (117:129)

1: TOF MS ES-
1.07e8

miz

100+ 1489.0283
1488.5225
1488.0327
14895341
<l
1490.0240
1490.5300
1499.5092
0 ‘ , LA ; h l ﬁ | ‘ ‘ ‘ —
1470 1485 1490 1495 1500 1505 1510 1515 1520
10-80
230427 D40905 photo PO 1 123 (2.097) Cm (117:129) 1: TOF MS ES-
2978.1233 1.28e7
100,
2979.1292
el
2977.1399
2980.1353
2982.1252
o 0 M
; : ; : : : : / ; ; ; y ;
2955 2960 2965 2970 2975 2980 2985 2990 2995 3000 3005 3010 3015
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Oligo-7 TTTTTTTTToerT

2: UV Detector: 260.003 Nm 2.555e-1
(8) Range: 3.624e-1
24%
5 2463
] il
2.0e-11 T
E (1) "
5 1.0e-14 38% (3) |
< 3 0.70 38% '\
E 1.03 1M
E \ I
O.OEﬁ)I:,—VT P
E —~
-1.0e-1- 7 I e e N I —— 1 ———— Time
1.00 2.00 3.00 4.00 5.00 6.00
1: TOF MS ES- :TIC Smooth (Mn, 2x2) (9) 1.3e+008
81%
100, 2.69
803 f
603 ‘
o 3 |
403 ‘
E (2)
203 3%
E 0.81
r_—-——————————" Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40906 photo POEt 2 157 (2.673) Cm (156:162) 1: TOF MS ES-
100+ 1502.5081 7.09e7
1502.0001
503.0004
503.5085
504.0009
410,00 012052 15134084 2002.6803 3006.0828
B ... ; ; | ‘ ; ; ; , ; iz
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80

230308 D40906 photo POE 2 157 (2.673) Cm (156:162) 1: TOF MS ES-
1502.5081 7.09e7

100+,

1502.0001
1503.0004
1503.5085
=l
1504.0009
1504.5092 1513 4984
oL ‘ , , ‘ el L ; lll: ; ; ; ‘ ‘ iz
1475 1480 1485 1490 1495 1500 1505 1510 1515 1520 1525 1530 1535 1540 1545

10-80
230308 D40906 photo POEt 2 157 (2.673) Cm (156:162) 1: TOF MS ES-
3006.0828 3.55e6

100,

3007.0933
<l
3005.0950
3008.1042
3009.1150
0 oMt ALy NN . iz
2980 2085 2960 2005 3000 3005 30710 3015 3020 3025 3050 3055 3040 3045 3050
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Oligo-8§ TTTTTTTTTmorT

2: UV Detector: 260.003 Nm (7) 1.87e-1
19% Range: 2.945e-1
2.68
4 1
] i
| |
1.0e—1—: (2) K
5 E 29% w
< ] n 1.03 |
0.0 ‘ (VT — N
E [
‘1'0e‘1’,..,,,,,,I,,.,,..,‘,,,,,‘,...,.,.,x,,,,,..,.,\,,,‘,,,.,,..,x'.['ime
1.00 2.00 3.00 4.00 5.00 6.00
1l: TOF MS ES- :TIC Smooth (Mn, 2x2) (8) 1.1e+008
86%
100 2.74
80 |
60 [
w |
40
20
" Time
1.00 2.00 3.00 4.00 5.00 6.00
10-80
230308 D40905 photo MOP 160 (2.723) Cm (156:164) 1: TOF MS ES-
100+ 1516.5273 7.25e7
517.0219
1516.0170)
517.5322
518.0269
1010.6622 1527.5045
20227278 3034.1277
0Lt 5 L \\ ; L A T T T T+ T T T T 7 T T miz
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
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10-80

230308 D40905 photo MOP 160 (2.723) Cm (156:164) 1: TOF MS ES-
15166273 7.2567

100+

1517.0219
1516.0170
<l
15176322
1518.0269
15185216 15275045
ol , ‘ ‘ ‘ ; W‘(* ; H] ; ; ‘ ‘ ‘ miz
1460 1465 1500 1505 1510 1515 1500 1505 1550 1555 1540 1545 1550 1555

10-80
230308 D40905 photo MOP 160 (2.723) Cm (156:164) 1: TOF MS ES-
3034.1277 2.31e6

100,

3035.1431
el
3033.1353
3036.1360
3037.1519
3045.1245 3056.1187
0 i N —
3005 3010 3015 3020 3025 3030 3035 3040 3045 3050 3055 3060 3065 3070 3075
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Synthesized oligonucleotides

MW: M-H (calcd) MW: M-H (obsd) crude yield (%)

retention time on LC (min)

Oligo-1 (Rp)-TTTTTTTTTaT
Oligo-2 (Sp)-TTTTTTTTTpKT
Oligo-3 (Rp)-TTTTTaTTTTT
Oligo-4 (Sp)-TTTTTaTTTTT

0'|g°-5 (SP,SP)-TA|kTTTTTTTTA|kT

Oligo-6 TTTTTTTTTT
Oligo-7 TTTTTTTTTogT
Oligo-8 TTTTTTTTTyopT

3079.58
3079.58
3079.58
3079.58
3181.66
2977.50

3005.53
3033.56

3079.14
3079.12
3079.12
3079.12
3181.18
2977.14

3005.10
3033.14

35
43
47
31
32
52
25
37

3.09
3.14
2.80
2.83
3.66
2.04

2.63*
2.68*

* LC diagram showed shouldered peaks in these compounds. MS spectra of each compound was the same,
suggesting that they are diastereomers with a different stereo configuration around backbone phosphorous atom.

Figure S3-4. Summary of Yields and Retention Time of Oligo-1-8

Comparison between other charge-neutral backbonemodified Oligos (Oligo1,2 vs. Oligo-

7,8)

Retention time (lipophilicity) of Olige-1 and Olige-2 was increased compared to the ethyl-

triester- and MOP-modified oligos (Oligo-7 and 8), and the retention time gap due to the

difference between the Sp and Rp configurations was also expanded. The influence of chirality

on global hydrophilicity/hydrophobicity seemed to be increased due to its large size, which may

also contribute to protein binding profiles and lead to eutomer/distomer differences as a

pharmaceutical.

10-80
230308 D40906 photo POEt 2

26e+13
2.4e+14
2.2e+14
2.0e+14
1.8e+13

1.6e+1

AU

1.4e+14

1.2e+19

1.0e+14

8.0

6.0

Ollg 8 with MOP alkylphosphonate

4 Oligo 7 with Ethyl-tries

40

2.04

0.0 .

U

Oligo 1 with (Rp)-3aa

2: Diode Array

Range: 1.451e+1

l Oligo 2 with (Sp)-3aa

Time
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11. Detection of Alkylsulfonium

Me
O .
Me o LiBF,4 (1.0 equiv.) N
o e o=
IS o MeCN/DCM Ph7<+ _
o) 10°C, 4 h BF,
blue LED

PTH2 2a PTH2-2a
(0.05 mmol) (3.0 equiv.)

Figure S3-5. Detection of Alkylsulfonium

In a glovebox, to an oven-dried vial equipped with a stirring bar was added PTH2 (13.2 mg,
0.05 mmol), redox-active ester 2a (46.4 mg, 0.15 mmol) and LiBF4 (4.7 mg, 0.15 mmol). Then,
MeCN (300 pL) and DCM (200 pL) were added to the reaction mixture. After sealing the vial
with a cap and removed from the glove box, the reaction was stirred and irradiated with a 34W
blue LED with a cooling UC reactor to keep the temperature at 10 °C (Figure S3-2). After 4 h,
the reaction solution was directly used for MS analysis (HRMS—ESI). PTH2-2a: HRMS-ESI
(m/z): [M-BF4]" caled for C26H24NS, 382.1624; found, 382.1614.

12. Effects of Additives on Conversion of Redox-Active Esters

In a glovebox, to an oven-dried vial with a stirring bar was added PTH2 (13.2 mg, 0.05 mmol),
phosphite 1a (42.9 mg, 0.05 mmol), redox-active ester 2a (46.4 mg, 0.15 mmol), LiBF4 (4.7 mg,
0.15 mmol) and thymine (6.3 mg, 0.05 mmol). Then, MeCN (300 puL) and DCM (200 pL) were
added to the reaction mixture. After sealing the vial with parafilm, the reaction mixture was stirred
and irradiated with a 34W blue LED with a cooling UC reactor to keep the temperature at 10 °C
(Figure S3-2). After 4 h, the solvents were removed under reduced pressure and the residue was
analyzed by '"H NMR. The increase in conversion of 2a to 28% was observed with the addition

of thymine compared to without thymine (11%).

13. Comparison with Other Carbocation Methods

Comparison with Aggarwal’s Method. Tertiary alkylation of phosphite 1a-1 was conducted
with reference to the reported procedure.' In a glovebox, to an oven-dried vial with a stirring bar
was added photoredox catalyst 4CzIPN (0.79 mg, 0.001 mmol), phosphite 1a-1 (42.9 mg, 0.05
mmol) and redox-active ester 2a (46.4 mg, 0.15 mmol). Then, MeCN (500 uL) and TFA (5.7 pL,
0.075 mmol) were added to the reaction mixture. After sealing the vial with parafilm, the reaction
mixture was stirred and irradiated with a 34W blue LED (3 cm away) with a cooling fan to keep
the temperature around 40 °C. After 2 h, the solvents were removed under reduced pressure and
the residue was analyzed by 'H NMR. However, the desired product 3aa was not obtained, and

the decomposition products of 1a-1 were observed.
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Comparison with methods using Lewis acid. Tertiary alkylation of phosphite 1a-1 was
conducted with reference to the reported procedure.'>!® In a glovebox, to an oven-dried vial with
a stirring bar was added phosphite 1a-1 (42.9 mg, 0.05 mmol) and 2-phenyl-2-propanol (5a) (20.4
mg, 0.15 mmol). Then, toluene (500 uL) and Lewis acid TMSOTT (1.81 pL, 0.01 mmol) or Znl,
(23.9 mg, 0.075 mmol) were added to the reaction mixture. After sealing the vial with parafilm,
the reaction mixture was stirred at 110 °C. After 15—24 h, the solvents was removed under reduced
pressure and the residue was analyzed by 'H NMR. However, the desired product 3aa was not

obtained, giving a complex mixture.

14. The Effects of Chiral Leaving Groups

Me
N

TIPSO f#o ’~ TIPSO f(/éo

o) > o

7]/ 0 PTH2 (1.0 equiv.) W/NH

o} o} LiBF4 (1.0 equiv.) S (0]
Ph © *  Ph N Q.0

NC\)*\O/P\O f&fo ¢ MeCN/DCM =3/2 Ph._P<q fkfo

O.__N N

o] 10°C, 18 h 7< o
K@» N blue LED K@f NH
T T

AcO o AcO
1a-1 2a 3aa
Entry Phosphite substrate Yield (%) of 3aa
Ph
1 % dr.=1.1:1 71%, d.r. =1.2:1
Nc\/(R\)E r °
Ph
2 § dr.=1.1:1 61%, d.r. = 1.1:1
Ph
3 NC\)\E dr.=1.2:1.1:1.1:1 74%, d.r.=1.2:1
racemic L(":\’)J Lis)J

Figure S3-6. The Effects of Chiral Leaving Groups

Chiral alcohols were prepared from chiral styrene oxide.'” Phosphite (R)/(S)-1a-1 having chiral
leaving groups were syshesized by the above mentioned procedure (Figure S3-1). In a glovebox,
to an oven-dried vial with a stirring bar was added PTH2 (13.2 mg, 0.05 mmol), phosphite (R)-
1a-1 or ($)-1a-1 (42.9 mg, 0.05 mmol), redox-active ester 2a (46.4 mg, 0.15 mmol) and LiBF4
(4.7 mg, 0.05 mmol). Then, MeCN (300 pL) and DCM (200 pL) were added to the reaction
mixture. After sealing the vial with parafilm, the reaction mixture was stirred and irradiated with
a 34W blue LED with a cooling UC reactor to keep the temperature at 10 °C (Figure S3-2). After
18 h, the solvents were removed under reduced pressure and the yield was determined by 'H NMR
analysis. The effect of the chiral leaving group on this reaction was investigated, but no significant

difference in the yield and the ratio of diastereomers of the alkylated product 3aa was observed.
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15. Examination of Catalytic Reactions

When simple phosphite 1g was used as a nucleophile, oxidative alkylation proceeded
catalytically with high efficiency (Figure S3-7A). On the other hand, when H-phosphonate 1h
was used as a nucleophile instead of phosphite, no alkylated product was obtained (Figure S3-
7B).
Procedure. In a glovebox, to an oven-dried vial with a stirring bar was added PTH1 (3.3 mg,
0.01 mmol), trihexyl phosphite 1g (74.3 uL, 0.2 mmol) or dibutyl phosphite 1h (39.2 uL, 0.2
mmol), redox-active ester 2a (92.8 mg, 0.3 mmol), LiBF4 (0.9 mg, 0.01 mmol) and DCM (600
pL). After sealing the vial with parafilm, the reaction mixture was stirred and irradiated with a
34W blue LED with a cooling fan to keep the temperature around 40 °C. After 16 h, the solvents

were removed under reduced pressure and the residue was analyzed by '"H NMR.

A. ‘Ph

PTH1 (5 mol %)
LiBF4 (5 mol %) P o™H
P(O"™Hex)s + ph ex
DCM >< O"Hex

40°C,16h
blue LED

3ga, 94%

B ‘Ph

PTH1 (5 mol %) o
LiBF4 (5 mol %) h B o
p O"Bu + pp P . Bu
H™ omBy 7& DCM K omBu

40°C,16h
blue LED

3ha, trace

Figure S3-7. Examination of Catalytic Reactions

16. Examination of the Addition of Trapping Reagent for Carbocation

PTH-catalytic reactions were investigated by adding a stoichiometric amount of sulfilimine,
used in the stabilized cation pool method,'® as a trapping reagent for the carbocation, but the yield
was not improved (Figure S3-8).
Procedure. In a glovebox, to an oven-dried vial with a stirring bar was added PTH1 (1.63 mg,
0.005 mmol), phosphite 1a-1 (42.9 mg, 0.05 mmol), redox-active ester 2a (46.4 mg, 0.15 mmol)
or 2k (37.1 mg, 0.15 mmol), LiBF4 (0.47 mg, 0.005 mmol) and sulfilimine (17.8 mg, 0.05 mmol).
Then, MeCN (300 pL) and DCM (200 pL) were added to the reaction mixture. After sealing the
vial with parafilm, the reaction mixture was stirred and irradiated with a 34W blue LED with a
cooling UC reactor to keep the temperature at 10 °C (Figure S3-2). After 18 h, the solvents were

removed under reduced pressure and the residue was analyzed by '"H NMR.
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TPSQ /4?0 N'Ph TIPSO ,%géo
o
” L ‘q“ v

SO :
o PTH1 (10 mol %)
Ph O (e)
LiBF4 (10 mol %) \ //
+ 4
NC\)\O'P\O & Ph%k Ph //&f
k(OJ’ SOty
(e]

><

77/NH (1 .0 equiv.)
ACG' MeCN/DCM AcO'
10°C, 18 h
1a-1 2a blue LED 3aa, 17%

NH

TIPSO KQFO .Ph TIPSO //4/4
~Ory
o PTH1 (10 mol %) Z)f
\ LiBF4 (10 mol % \ //
NC\)\O’ //Q/é % - - XP //#O
0

\]]/NH (1 0 equiv.)
AT MeCN/DCM AcO
10°C, 18 h
1a-1 2k blue LED 3ak, n.d.

Figure S3-8. Examination of the Addition of Trapping Reagent for Carbocation

17. Unsuccessful Substrates

TIPSO o /4(]?0 Me PTH2 TIPSO %g?o

NH N KQ»N NH
S o L S
Ph O .0 LBF, 90 ©
NC Ao Pag &o R%J\O,N R g L6
%N MeCN/DCM s k@,N

2 R3
YN R°R © 10°C, 18 h
blue LED

e A S e e

Figure S3-9. Unsuccessful Substrates
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FUE A XXV TARARTA FEHAWET LS LY A(VUEEM D AR

BH EATE s L OMERERGER

D ALEWIE, EIRE, B ME e RISV CRIH STV D EERM LA
MEETH D, " FRCT XL (VEEMIE, EERROENLT 7Ty 7 L LT
HEINTEBY., VoV Eo~TafrEfilid, (L5 KOWBRRREIC R E
BEHZ2DHIENMOLNTNS (Figured-1), * Bz X, OO AT NVHEFFOT IV
FIVHR AR RV T AT AL, =8 O Lz X 9 ICEERRE IR O L 2B S iz
RARVERT NNy JR—=2E L THEBEINTWD, P72, RAKRVBEY T AT )L
D P-OFEBD—2% PNIAICEEWHBZTZEAARFTIT—MI, 7/ HKEALT 77 =
F 2 RIcfFEEN S ProTide Hiflf & V9 71 R o ZIETIEH SR TS, * 512,
PFEAEZATDHINABRAT 2— NI, AFAT T7F K=V 74 BRAT 2— b
RREFEINDLLIIC. BV e R Td—BEBLO0t Y 77 7 —BoEA & LT
BT 5, > 20T AFNY (VLA OEZEHITH G THY . U L (V)HLIZ
Rz 227 R NRoANT 0 A DO EWIEE R G E AN T E D72 726 L DB R 2358 <
EENTWD,

= o}
Y =N

1]
0 R o I L
R SO D e
OH ) O
O O\s Me' \(
\/O O

fosfomycin MeO. _~_P<q tenofovir alafenamide
OB
ClsC._R-0Me A R-oMe
o) | F
OMe \ S
OH Y
metrifonate methoxypropylphosphonate methyl arachidonyl fluorophosphonate

Figure 4-1. fX\EMNR2T LX) (VLAY

TAXNY (VLA OUEROARIEE LT, 1) @) U2 T v Eona A b7
L% L% 2 Michaelis-Arbuzov [its,  2) H-AR AR X — DT VX ALKIG, 3) A
AR L KRB TR Y L (V)REEEZ W S\SP(VES. REDRH D, ¢ LiL, =
NODOFIEICL > THEETE LU S(VEEIL, 1ZEAEDBRFRNRT VXV R AR
e T AT WK TH S (Figured-2), 7 VX /LR AR VRV T AT MRS D ~T B i
FREHND SNP(VY SR8, B2 Y (V) EO~T v G ILZE A
HCTHDH, TDORD, FENHRT VIR AR B T AT AR ARFTIT—h, 7
WA RRARF— M B LOT OMOFERIIE LA F T VAL b Tvtr 2
VAN REAKY), 7Y —n 3 — F= U A EOIRMERER L ETH o7, T

170



activation reagents

(COClI),, T,0
= Michaelis-Arbuzov reaction 0 ArplOTf
Il Il
= Michaelis—Becker reaction ~ wes R% R-oRr R'_PR-~0oR
X
= SyP(V) reaction R2 R3 R Hx R2R3" @
symmetrical ® unsymmetrical
alkyl phosphonate alkyl-P(V)

Figure 4-2. FEXIFR72 7 V%L U (VUL EW DA Rk E

C(sp’) P FEGTERR DRI 72Tk L LT, HET P HNKR AR Y MBS ER ST
W5, Bentrude 513, U AR L C(sp) ET2IEA~T 0l T VANV ERIGSED &,
RART =T DHNVHRURDB TR S v, ZOFREND B-BHADEITT 5 2 & T,
a2 ) (VLA ELND Z LA BE LTS, LnL, TAFALT I ADY
BVHEE R DRART =)V T DA MO THFEME DA S5 a-BA MBS
XTCLEIH, TDO=d, Aggarwal, '"MacMillan, "Li, 2 5%, EHR~D B-BAZ R
ET HEENEEZFF S U VDR EZ T 52 & T, ZORMEEZER LT\ 5 (Figure
4-3), D C(sp’)-P FEGTERRIE L LT, Figk7e U v (DR A V2 T O LV OIS
T UHNEBIIE, Y T I HNDT N SO, S B R AR 72 7
TV TROE TV A 2R T S RO RUE T e BRI ST
Do LU IZEAEDRINMTEBWNT, AIEIT VT IVRAR Y = 2T VK TH
D | B S\P(VIBUGIC & D EHEZRIINEECTH D, £, U HbICE A RREZR
BT VRV ERIL, T~ T IVES D WY 7 v T a EVEO L9 N S IRBRIR
BEAT DT IILVFRLIEICRES TV,

radical
: /\‘ jr\ addition RQPp R)Ai p-scission 9
< RO™ a ‘?i -OR
RO O A" gscission ‘7& 0" Ar ; OR
alkyl radical phosphite phosphoranyl /.\Ar alkyl phosphonate

radical Ar

Figure 4-3. U L (ID)iRFE~DT VX ILT I VOAINT L D C(sp’)-P #EETERIE

AIFY VU LB BT 5T e T T VNV ERENTED I EBNHMLN
TV, 8 200, VoL~ T VX LT RO L0 AL ERART =)L
FIONNHERERENNTE D EEZLND, £, N~T BRI NS C
FIHEN TS DI, ENTBEEE S Ui X | 22 REERI & O SNP(V) S 03 177
b, P UEoOEREREZ T, EEEEY CADRE L LT IX VT T AKA
RFA R EHNZ, TAX Y (VRGO FT- 725 ik 7 258 L7 (Figure 4-4) .
Thbb, TIAXNEL~T R TEfEY 2T —E IR E ZE TR
FUZ L > TYU (V)FLIZNERE AT S Z & T, fEkIE TIREmk R 722 w m O IE R T
XY (S E DRICHEE TE 5 LB 2T,
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o} R’ PC 0
0 ' Q 9 SnP(V) Rl P

P
O eNY 1_P< P—
RU AN R N
o R,N gg, blueLED R2 R3 R? R3
R2 R? o 4
redox-active ester imidazolium imidazolium-P(V) unsymmetrical
phosphonite alkyl-P(V)

Figure 4-4. A X%V U U LARARTA FE
FEXFRT AF Y (VLB DERL

B E USSR O ot

FREDVEREMGR 2 MRGET D720, £, StiftaE ol & vV ieifiaik (1a) = M
WU DEAEE 2 Db e T L F AGEOS ZRET L7Z (Table 4-1), JGEE{EIE sufil
BT H 2 2,4,6-tri(9H-carbazol-9-yl)-5-chloroisophthalonitrile (3CzCIPN) 2! 35 X ORINA
ThHHT FT7NAarR k) F 75 (LiBF) f7E T, JEEE LT 1a & N-AF/L-N-
T2 AIEV IV TLAT T 7 A R L — b (Im) #i&EE2 G955 AR A4 b (2a)
AW, 7 b ER LED A N CRIGS T2 E 2 A, MR 7 a X717 )
TRETL, TR T VX ALIK 3aa 2 EICETH 272 (entry 1), A I XY VT AD
N BZ—=T=2F LT R INF AL ANVKR A T AT HRARTA
K 2b ZHWGE THRICITEIT L7223, 3aa OYLEREP DT ITKT L7 (entry 2),
— T, BAFPEDORRAEFA b 2¢ VD E, AEMIZELEONR -7 (entry
3), ZNHDOFEENS, U UDRED B F A o MEEHRIEOBEEMEN RSN,

WIZ, VR 7 AET AT 1a LU U AIDREK 2a OPLREER 7 o 2k v 7Y v
7 OGN 3T 2 KR biE TS TRNA, IO B2 IEt L, oy — L%
JEER LR STAREE 21 o, 3CzCIIPN & [FIFEE O LR e &2 R I BUERE LIS sl
(Ir[dF(CF3)ppyl2(dtbbpy)PFe) * Z W\ edAThH, RARIEETHNY 3aa & 5 %72
(entries 4-6), — )T, N-7 = =)L XYV [b]7 =/ F T > (Ph-benzpPTH) * % H\>
7256 TIE BIIO T VX AR 3aa 13T & A 55780 - 7 (entry 7) , Ph-benzpPTH
X, [FERDO UGG T T T 2 N A2 2060  (RPC: radical-polar crossover) (2 &> C
HIVRBFF L aRETEDLZENRMONTNS, PR 2N EDZ L ARG T,
RPC [ XV RAE LTI NVRAFANIKT 5 Y DR EK 2a ORBEHEL W) F
TR A #R CTHEAT LTV D & DV RIE Sz, WRINAICToH 5 LiBF, % fill i 2 12 )8
5 LI a-oth O RInE 2 V72354 Tlid, 3aa OIURIIE T L7 (entries 8-11), =+
7oL WL LTCT7 2 b= AoV 7 ma A X 7 EOMOBEREEZ W5 &, 3aa
DOYLRITHFEFEIZ /2 > 7= (entries 12 and 13), MHREBROFE RN G | AKISIZBWTL
R g TTARIESC LiBF,, pfEIRS O BEENEE TH D 2 L AR S 7z (entries 14-16)
FOGIREE 2 32 RFIZAEIX 32 & T, 1mmol ~D A7 —/L 7 v FINA[HE T > 7= (entry
17),
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o Ph 3CzCIIPN (2 mol %)
o] Et0-P N+ LiBF, (2 equiv.)
+ T
o’ N EtO N j acetone
Me” 20°C, 16 h

Table 4-1. )& 5:14F 0 fcwaqt ¢

1a 2a

entry change from standard conditions

1 none
2¢ 2b instead of 2a

3 2c¢ instead of 2a

blue LED

4 4CzIPN instead of 3CzCIIPN

5 5CzBN instead of 3CzCIIPN
Ir[dF(CF;3)ppy]2(dtbbpy)PFs

° instead of 3CzCIIPN

7 Ph-benzoPTH instead of 3CzCIIPN

8 LiBF4 (10 mol %)

9 NaBF; instead of LiBF4

10 TFA instead of LiBF4

11 2,4,6-collidineHBF, instead of LiBF4

12 MeCN instead of acetone

13 DCM instead of acetone

14 w/o0 3CzCIIPN
15 w/o LiBF4
16 w/o blue LED

17¢ 1 mmol scale
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><IFI’\\ISEt
3aa
yield of 3aa (%)"
94 (85)
68 (58)
0
85
82

79

44
50
34
60
53
48
17
32

76

| Ph

0 3 &//N+
; Im= /N\J7
' Me

“BF,



Ph
EtO’P .—’

EtO \)
ot ]:j
2b
Iy Q:?:f ﬁ f
i
2c 3CzCIIPN 4CzIPN

$5% AL
[ ARt e
o

F
5CzBN Ir[dF(CF3)ppyl.(dtbbpy)PFg Ph-benzoPTH

“Reaction conditions: 1a (0.4 mmol), 2 (0.2 mmol), 3CzCIIPN (0.004 mmol), LiBF4 (0.4 mmol),
acetone (0.6 mL), 20 °C, 16 h under blue LED irradiation. ”’H NMR yield based on 2a. Yield of
the isolated product is in parentheses. “LiOTf (0.4 mmol) instead of LiBF4 (0.4 mmol) 32 h.

o —H JREGE R O ET S K OVERY DFFEAL

el ST ROSSMEZ T, U (D3R E LT 2a 2 W TG 1 VAR VB
BR 1 OB A MG L7z (Tabled-2), HAZR T VX NI ETIIB-N o DA F
T 9 L IBRE =N A V7R o BEEREAR OJE M 23 FTRE Td - 7= (3baand 3ca),
T, SEERBRINRBEREATOEMT VI NEE Y VHLDA~NEAT L 2 ENTE,
KT B T VX ALK BAF720ERTH- 272 (3da—3ga), 3da OFFEIT, X Bk LignsE
EMTIC KV RE Sz, ERYUPUER, TH TR BV aR2214 7 FAEE
BOE =R T N NIEE Y L A~EATH T E B ARETH o 72 (3ha-3ja), F7o. &
WHTHLT LT 4TI NVDHNVER BN AR AT 4 F— MEGICEWRT S &
L, T& 7= (3ka),

AR IE TR R T, kB L O —#RIENAIR 1 ViR o Beah Bk b FR ST,
U U HLASOIEERIR D D VMTBRIROE T XA FEOBANRAETH Y XI5 T 57T
NF AR Z BIFRINR T 272 Bla—3na), AFIEIZLY | o7 I/ Bz AL TH
\CEHE72a-7 2 /TX74‘5‘“ MIEWTHZ LN TE (Boa), ¥ FH—HT LFLh
JVIR R EAR DY S@Wb@;PFﬁA%ﬁ¢57wﬁDTX74T*F¢#
bz, T, F— #&7/&%/&%@4&& EPRNSNWZENDL, T E =T =
ThDHT NI INFaRUBA T D7 v R L OEBRBICPETT 5 2 & THERK
LizeBxob, 22T, ZORIKIGERIT D721, V(DR E LThY ¥
=T =F NN TINFa AT AR UEEA A AT D 2b BIOYRIAIE LT
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N ZNFa AR ZVRFRY) F T LE NS Z A e b 7 VXU bikEd B AT
RUINRTHEDL ZENTER Gpb), AT TV UEERHRDO L Ky 7 ATEMET 27V H 3R
i, U UIREICEL LG A TX 72 (3qb),

Table 4-2. ENSE D V7R o BEFHERORE @

o} Ph  3CzCIIPN (2 mol %) o ! Ph
0 EtO-P~_N+ LiBF, (2.0 equiv.) I : f\(m
* EtO Y RL_PR-~ D lm = =
R%O’N ,N\/> acetone X \"gEt ! m Me”N\/>

Me o 2 R3 i
2R3 0 BF 20°C, 16 h R“R ; “BE
R*R : blue LED | )
1 2a 3
tertiary
; ; ;
\"OEt \"OEt “OEt =
K 8107 K i K
3ba, 59% 3ca, 51% 3da, 74%
o Q o
R~OEt R-0Et R-~OEt
Im Im Im
BocN
3ea, 66% 3fa, 71% 3ga, 46% 3ha, 39%

Q 0

(0]
ll:l ll:l) /@( P
~OEt \~OEt -
Im
MeOzC

from gemfibrozil
3ia, 79% 3ja, 59% 3ka, 66%
secondary

0 O 0

o
I 1 n
R-oEt R-OEt R-OEt P~OEt
Im Im Im Cf Im
NCbz

3la, 53% 3ma, 50% 3na, 72% 3o0a, 52%, d.r. 1.7:1
primary

0]

O 11
P R-OEt
S Cooas
from stearic acid
3pb, 66%" 3qb, 18%°
“Reaction conditions: 1 (0.4 mmol), 2a (0.2 mmol), 3CzCIIPN (0.004 mmol), LiBF4 (0.4 mmol),
acetone (0.6 mL), 20 °C, 16 h under blue LED irradiation. “1 (0.4 mmol), 2b (0.2 mmol),

3CzCIIPN (0.004 mmol), LiPFs (0.4 mmol), acetone (0.6 mL), 20 °C, 16 h under blue LED

irradiation.

Jacobsen H D M ITHSE, HE LA I XV YV TLRAT 47— 3 LEix7g
AT 0 JRFREER & O SNP(V)LZ AR L7= (Table 4-3), XU B U BRO/XILIZE
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HEEMERE I TE TR EZFF ST =V — L OBHPAEETH Y | 3T DHE AR
My T AT NAKEZEINRETH 272 (Saand 5b), n I RDIEN -T2 2-F7 F—V L FF
KInl (5e), HHIEHME TCHLAA T/ ~/l/’?°oc-7’ SRBRTHLITFu LU ED
BT 7 = ) — VEOBEH L ARETH 7= (5d and 5e), T7o. FH#0H O
Bj%?zv:wwb S\P(VEUGZEH C& 72 (5fand 5g), S HIZ, BT X X7 L
R D-Z T —IVTE=MT AF ALY (VIEELZEATHZE L AETH- -
(5h—5j)o TN a—= VP DA~T v TP KA E LT, AR RS D RBRIR T
ULV EERREAOBEH L AEETH Y IS T DR ARSI T — MEZE BAF/RIY
L CThHz7= (5kand5l), /2. T F I T TFAT R LT ILAY REDINMZ LD
ELIRDEMINATREIR T N A B RAT 2 — hEiFEETHZ N TEZ BGm), ¥ &5
2y FARCDAT N a— LDk ) etk b & 7= (5n),

Table4-3. f XXV VDU LKA 4 F—F DT ILF)LY y(V){tA%/\@%%{t a

o}
Il
NaX—@ + Rg(P\Slm —_— RXP‘OEt : /\(
Et THF X :
= 2 R3 2R3N
X=0,NR R®R r.t., 30 min R°R ! BF4
4 3 5 ‘
alcohols
(0] O from eugenol
Il I
l:)\‘OEt P\\OEt >< " OEt
&<:L m‘iID
X
5a (X = OMe), 78% 5¢c, 86% 5d, 43%
5b (X = CF3), 81%"
(I? from tyrosine S
><P\60Et NHBoc >< \OE‘ P‘OEt
(oo \CNCbz
5e, 76%, d.r. n.d. 5f, 69% 59, 89%
Q
P\ TIPSO =\ =0 R~0Et
e ~r 3
0 NH
\q oo © )
s O P BnO"
TBSO  OMe x OEt OBn
5h, 82% d.r. 1:1 5i, 62%d.r. 1:1 5§, 30% d.r. 1:1
other nucleophiles
Q
% P\oa
R-~OFEt w P\OEt KP‘OEt
N~
N-coz - oK
5k, 92% 51, 31%¢ P 5m, 70%¢ 5n, 42%

“Reaction conditions: 3 (0.1 mmol), 4 (0.2 mmol), room temperature, 30 min. "4 h. “Reaction
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conditions: 3 (0.1 mmol), lithium amide 4 (0.15 mmol), THF (1.0 mL), room temperature, 30 min.
“Reaction conditions: 3ka (0.05 mmol), TBAF (0.1 mmol), THF (0.125 mL), room temperature,

30 min.

FUOET S

KIS DHRYEZYERT B 12D, WL OIS mi 21772, T, 4 34
VU LARARTA DO T LT IAGKES & e RBBWRISZ T Ry BT
iTo7- (Figured-5), fFEFMETCL Ry 7 ZAIEVEZ ATV 1a & A IX Y U T LKA
BRTA DN 2a ZROLGSELRIC, WA T R Fa 7 o~ ERL, =480 p-A
Ny 7=/ X% REMRT, 0%, BIRTC2RMMGIEZEZ A, s T DI
KIFRIRT WH VR AR Y T AT VK Sa % BAFIRIGR TR S 2 LN TE T,

Na0\©\
P standard . OMe 9
EE?O ~conditions {3“} _ (B0equiv) XP\BOE'(
THF, rt, 2h @\

"BF4 OMe
5a, 70%

Figure 4-5. V> 7R > FERK

WIZ, A BV VDTLRAT 43— 3aa DV A 7V w7 RLE AT —%HIE
L7 Z A, ZOERTLENIT Eea=-176 V (vs SCEin MeCN) TH 5 Z & N/m ST,
ZOFERMNS, 3aa O—FBFIRETICE VY T IO NERATE, B SFEHITG
ﬁﬁ’C%ZDT EMEDSRIE ST, £ 2T BB LERICEEIC LD A I XYY D LAKRAT ¢
X— b 3aa &ET VT D P-CHREGTEREUGZ fiE L2 (Figure 4-6) ., Z O i Tl
F PRI L0 il S VR LR TR S 3aa ~DO—ETRBENC LS TY 7
TN A BEKRT D, RIZ, ZOVTIHNV A BTV Y 6 ISMINT DI LT,
IRFT TN B BELD, Dk, RFET U H/v BITNERLECMBIZ L > T—&
Bilbsih, IARATF AL C &0 7 e M ALERTT IV = AR 7 SRS
%, FERRIZ IR AE TRVWEIT /1 2 FFD  tris(2-phenylpyridinato)iridium(I11) (Ir(ppy)s, Eox*
=-1.73Vvs SCEinMeCN)® TFE T, BEELTA IFV VT LKRAT X — b 3aa &
p-A MR AF LY (6a) ZHW, AT AT E N7 I FEHAT 16 KfHH € LED
ERELIZEZ A, H%@PC#A%%W%Eﬂﬁﬁﬁé*&ﬂT%k(h)7»&
Y ELTa-ATFNATF LU ERHWESGA, 77 = BIR T < 7 U M BIR S A AR
W& LTHELNTE (Th), Haﬂﬁﬁﬁe?w/f/%ﬂﬂb\hzﬁa . Hantzsch TAT7 )V ZINZ 5 Z
T tert-7F NI AT 2= VT FNFED oD T NI NEBRIEEF T HERAT 4 %
—FEANTDZENTE (To), ZOHE. VIV A DT IVT o ~DFHINC
KHoTHEULBKRFET /L B & Hantzsch TATIVT NNV HTF A & DOKEBR B
AR CHMMBNER LTI-EEZBND, ¥
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DRI 72HIRICT G L TWD EEXLND,
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FHIUE  EERIEA

1. Instrumentation and Chemicals

NMR spectra were recorded on a Bruker AVANCE NEO 400N spectrometer, operating at 400
MHz for 'H NMR, 100.6 MHz for °C NMR, 376.5 MHz for "’F NMR, and 162 MHz for *'P
NMR. Chemical shift values for 'H and "C are referenced to MesSi and the residual solvent
resonances, respectively. Chemical shifts were reported in ¢ ppm. Mass spectra were obtained
with Bruker Impact HD mass spectrometer (ESI). TLC analyses were performed on commercial
glass plates bearing a 0.25-mm layer of Merck Silica gel 60Fss. Silica gel (Wakosil® 60, 64~210
um) was used for column chromatography. Biotage Selekt was used for purification. IR spectra
were measured with a ATR Accessory (QATR-S) for the Shimadzu IR Spirit FT-IR Spectrometer.
Melting points were measured on a Stanford Research Systems MPA100. Kessil AI60OWE 40W
Tuna Blue (highest blue and intensity setting) was used as a light source. Techno Sigma UCR-
150N was used as a cryocooler. TEKNOS MG9 was used as a fan. Single-crystal X-ray diffraction
data were collected on a Bruker Single Crystal CCD X-ray Diffractometer (SMART APEX II).

All reactions were carried out under nitrogen atmosphere. Materials were obtained from
commercial suppliers or prepared according to standard procedures unless otherwise noted.
3CzCIIPN, 4CzIPN, and 5CzBN were prepared by the reported procedure.'”
Ir[dF(CF;3)ppy]2(dtbbpy)PFs and Ir(ppy)s; were purchased from Merk Sigma—Aldrich Japan Inc.,
stored under nitrogen, and used as received. Ph-benzoPTH was prepared by the reported
procedure.3 Lithium tetrafluoroborate, lithium trifluoromethanesulfonate, and sodium
tetrafluoroborate were purchased from Tokyo Chemical Industry Co., stored under nitrogen, and
used as received. Trifluoroacetic acid was purchased from Nacalai Tesque Inc., stored under
nitrogen, and used as received. 2,4,6-Collidine-HBF, was prepared by the reported procedure.*
Acetone, acetonitrile, dichloromethane, dimethylacetamide, and tetrahydrofuran were purchased
from FUJIFILM Wako Pure Chemical Co., stored under nitrogen, and used as received. Sodium
hydride (60% dispersion in Paraffin Liquid) was purchased from Nacalai Tesque Inc., stored
under nitrogen, and used as received. Redox-active esters 1a—q were prepared according to the
reported procedure.’* Phosphonites 2b and 2¢ were prepared by the reported procedure.'®
Nucleophiles 4a—g, 41, 4n were purchased from Tokyo Chemical Industry Co., stored under
nitrogen, and used as received. Nucleosides 4h and 4i were prepared according to the reported
procedure.'®!” 3,4-Di-O-benzyl-D-glucal (4j) was prepared by the reported procedure.'® Benzyl
carbamate (4k) was purchased from FUJIFILM Wako Pure Chemical Co., stored under nitrogen,
and used as received. Tetrabutylammonium fluoride (ca. 1 mol/L in tetrahydrofuran) was
purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received. n-

Butyllithium (1.51 M in hexane) was purchased from Kanto Chemical Co., stored under nitrogen,
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and used as received. Styrenes 6a and 6b were purchased from Tokyo Chemical Industry Co.,
stored under nitrogen, and used after filtration through a short pad of alumina. 4-Phenyl-1-butene
(6¢) was purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as
received. Diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate (Hantzsch ester) was

purchased from Tokyo Chemical Industry Co., stored under nitrogen, and used as received.

2. General Procedure for Synthesis of Imidazolium Phosphonites

1) n-BuLi (1.0 equiv.)

Ph Et,O EO o Me3OBF, Et? ph
N -78°Ctort,4h IID N (1.0 equiv.) EtO \r
NW ) 2 EtO Et0” D DCM N_)
P N 0°C,1h BF,
Et0” ~Cl
(1.0 equiv.) 2c 2a

-78°Ctort.,2h

Figure S4-1. Synthesis of imidazolium phosphonites

Phosphonite 2¢ was prepared according to the literature.'” To a solution of 2¢ (2.11 g, 8.0 mmol)
in DCM (50 mL), trimethyloxonium tetrafluoroborate (1.18 g, 8.0 mmol) was added at 0 °C under
a nitrogen atmosphere. The reaction mixture was stirred for 1 h at 0 °C. After removing the solvent
under reduced pressure, the product was washed three times with Et;O in a glove box, yielding

imidazolium phosphonite 2a as a white solid (2.72 g, 7.44 mmol, 93%).

3. Characterization Data for Phosphonites
2-(Diethoxyphosphaneyl)-1-methyl-3-phenyl-1H-imidazolium Tetrafluoroborate (2a)

EtO Ph

Et0” \r
NI .

White solid. M.p. 3641 °C. IR (neat) 694, 763, 924, 1010, 1047, 1241, 1387, 1498, 1596,
2982 cm™. '"H NMR (400 MHz, CDCl3) §7.77 (d, J= 1.6 Hz, 1H), 7.60-7.55 (m, 3H), 7.50-7.47
(m, 3H), 4.19 (s, 3H), 4.03-3.85 (m, 4H), 1.25 (t,J= 7.2 Hz, 6H). *C NMR (100.6 MHz, CDCl;)
0146.6 (d, Jer = 69.6 Hz), 135.0 (d, Jc_» = 2.0 Hz), 131.0, 129.9, 127.0, 126.4 (d, Jc—» = 3.4 Hz),
124.7, 66.0 (d, Jcr = 20.0 Hz), 37.6 (d, Jc» = 2.2 Hz), 16.8 (d, Jc» = 6.2 Hz). P NMR (162
MHz, CDCls) 6143.7. HRMS-ESI (m/z): [M—BF.4]" calcd for Ci4H20N202P, 279.1257; found,
279.1255.

4. General Procedure for Synthesis of Alkyl Imidazolium Phosphinates

The reaction conditions for oxidative alkylation of 2a (procedure A). In a glovebox, to an

oven-dried vial with a stirring bar was added 3CzCIIPN (2.63 mg, 0.004 mmol), redox-active
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ester 1 (0.4 mmol), phosphonite 2a (73.2 mg, 0.2 mmol), and LiBF4 (37.5 mg, 0.4 mmol). Then,
acetone (600 uL) was added to the reaction mixture. After sealing the vial with parafilm, the
reaction mixture was stirred and irradiated with a 34W blue LED with UC reactor to keep the
temperature at 20 °C (Figure S4-2). After 16 h, the solvent was removed under reduced pressure.
The crude material was then purified by flash column chromatography on silica gel to give the

alkylated product 3.

1 mmol scale reaction. In a glovebox, to an oven-dried vial with a stirring bar was added
3CzCIIPN (13.2 mg, 0.02 mmol), redox-active ester 1a (0.49 g, 2.0 mmol), phosphonite 2a (0.37
g, 1.0 mmol), and LiBF4 (0.19 g, 2.0 mmol). Then, acetone (3 mL) was added to the reaction
mixture. After sealing the vial with parafilm, the reaction mixture was stirred and irradiated with
a 34W blue LED with UC reactor to keep the temperature at 20 °C (Figure S4-2). After 32 h, the
solvent was removed under reduced pressure to give the alkylated product 3aa (76% 'H NMR
yield).

The reaction conditions for oxidative alkylation of 2b (procedure B). In a glovebox, to an
oven-dried vial with a stirring bar was added 3CzCIIPN (2.63 mg, 0.004 mmol), redox-active
ester 1 (0.4 mmol), phosphonite 2b (85.7 mg, 0.2 mmol), and LiOTf (62.4 mg, 0.4 mmol). Then,
acetone (600 uL) was added to the reaction mixture. After sealing the vial with parafilm, the
reaction mixture was stirred and irradiated with a 34W blue LED with UC reactor to keep the
temperature at 20 °C (Figure S4-2). After 16 h, the solvent was removed under reduced pressure.
The crude material was then purified by flash column chromatography on silica gel to give the

alkylated product 3.

") }‘J
= 3 P A
i SR % 4 iy \

Figure S4-2. Light set-up using UC reactor as a cryocooler
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5. Characterization Data for Alkyl Imidazolium Phosphinates
2-[tert-Butyl(ethoxy)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium  Tetrafluoroborate
(3aa)
O
XHSQE‘E Ph
Me-N~ “BF,

The reaction was carried out according to procedure A. The product 3aa was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:0, DCM/MeOH) (Table 4-1,
entry 1; 67.0 mg, 0.170 mmol, 85% isolated yield). Off-white solid. M.p. 4348 °C. IR (neat)
748, 1005, 1021, 1050, 1165, 1212, 1241, 1379, 1498, 2360 cm™'. "H NMR (400 MHz, CDCl5)
07.93 (m, 1H), 7.61-7.50 (m, 6H), 4.41 (m, 1H), 4.33 (s, 3H), 4.06 (m, 1H), 1.30 (t, /= 7.2 Hz,
3H), 1.13 (d,J=18.8 Hz, 9H). *C NMR (100.6 MHz, CDCl;) 5137.2 (d, Jc_» = 100.4 Hz), 135.7,
131.1, 128.8, 128.4 (d, Jcr = 4.0 Hz), 128.2 (d, Jc» = 3.8 Hz), 127.4, 64.3 (d, Jcr = 8.0 Hz),
38.9,35.2 (d, Je_r = 109.2 Hz), 23.3, 16.1 (d, Jc_r = 5.0 Hz). *'P NMR (162 MHz, CDCl3) §37.5.
HRMS-ESI (m/z): [M—BF4]" calcd for CisH24N20,P; 307.1570, found 307.1571.

2-[tert-Butyl(ethoxy)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium

Trifluoromethanesulfonate (3ab)

Q
XPSQENt;Ph
Me-N2 “ors

The reaction was carried out according to procedure B. The product 3ab was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-1,
entry 2; 52.9 mg, 0.116 mmol, 58% isolated yield). Pale yellow oil. IR (neat) 636, 770, 964, 1008,
1030, 1151, 1224, 1258, 1380, 1498 cm™'. "H NMR (400 MHz, CDCl3) §8.01 (s, 1H), 7.62—7.51
(m, 6H), 4.45-4.35 (m, 4H), 4.05 (m, 1H), 1.28 (t, J= 7.2 Hz, 3H), 1.14 (d, J = 18.8 Hz, 9H). C
NMR (100.6 MHz, CDCls) 6 137.5 (d, Je—p = 99.6 Hz), 135.7, 131.2, 128.9, 128.6 (d, Jcp = 4.0
Hz), 128.3 (d, Jc » = 3.8 Hz), 127.4,120.6 (q, Jcr = 320.4 Hz), 64.4 (d, Jc» = 8.0 Hz), 39.2,35.4
(d, Jop = 108.6 Hz), 23.4, 16.2 (d, Jc» = 5.0 Hz). *'P NMR (162 MHz, CDCl;) §37.7. HRMS—

ESI (m/z): [M—OT(]" calcd for C1¢H24N20,P; 307.1570, found 307.1573.

2-[Ethoxy(tert-pentyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Tetrafluoroborate (3ba)

187



The reaction was carried out according to procedure A. The product 3ba was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-92:8, DCM/MeOH) (Table 4-2; 48.2
mg, 0.118 mmol, 59% isolated yield). Pale yellow oil. IR (neat) 547, 698, 771, 964, 1014, 1054,
1165, 1240, 1472, 1498 cm™'. "H NMR (400 MHz, CDCl3) 6 7.96 (s, 1H), 7.61-7.49 (m, 6H),
4.42 (m, 1H), 4.33 (s, 3H), 4.11 (m, 1H), 1.54-1.45 (m, 2H), 1.31 (t, /= 7.2 Hz, 3H), 1.09-1.02
(m, 6H), 0.85 (t, J = 7.2 Hz, 3H). ®C NMR (100.6 MHz, CDCl3) § 137.5 (d, Jc» = 98.4 Hz),
135.8, 131.2, 128.9, 128.6 (d, Jcp = 4.0 Hz), 128.3 (d, Jcp = 4.0 Hz), 127.5, 64.3 (d, Jcr = 8.0
Hz), 39.1, 38.5 (d, Jcp = 107.6 Hz), 27.6, 19.8, 19.6, 16.2 (d, Jcpr = 5.6 Hz), 7.1 (d, Jcp = 11.2
Hz). ¥ P NMR (162 MHz, CDCl3) §38.1. HRMS-ESI (m/z): [M—BF4]" calcd for C17HasN>O,P;
321.1726, found 321.1731.

2-{[1-(Benzyloxy)-2-methylpropan-2-yl](ethoxy)phosphoryl}-1-methyl-3-phenyl-1H-

imidazolium Tetrafluoroborate (3ca)

(0]
Bnoxgﬁgﬁi Ph
Me-N.~ BF,

The reaction was carried out according to procedure A. The product 3ca was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-2;
51.0 mg, 0.102 mmol, 51% isolated yield). Pale yellow oil. IR (neat) 697, 748, 1011, 1051, 1165,
1238, 1385, 1458, 1474, 1498 cm™'. "TH NMR (400 MHz, CDCl;) §7.60-7.48 (m, 4H), 7.43-7.32
(m, 5H), 7.24 (m, 1H), 7.18-7.16 (m, 2H), 4.42-4.36 (m, 3H), 4.16-4.13 (m, 4H), 3.58-3.37 (m,
2H), 1.29 (t, J= 6.4 Hz, 3H), 1.12—1.04 (m, 6H). *C NMR (100.6 MHz, CDCl;) §138.3 (d, Jc_
p=110.4 Hz), 136.6, 135.7, 131.1, 128.9, 128.7, 128.4, 128.0, 127.8 (d, Jcr = 4.4 Hz), 127.4,
127.2(d, Jcr = 4.0 Hz), 744, 74.1, 64.5 (d, Jc» = 7.6 Hz), 41.3 (d, Jcp = 109.6 Hz), 39.1, 19.7,
19.4,16.1 (d, Jcp = 6.0 Hz). *'P NMR (162 MHz, CDCls) §33.5. HRMS-ESI (m/z): [M—BF,]"
calcd for C23H30N203P; 413.1989, found 413.1989.

2-[Ethoxy(1-methylcyclopropyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Tetrafluoroborate (3da)

=0

x PS_QEL Ph
=N7%
Me-N» BF,
The reaction was carried out according to procedure A. The product 3da was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 58.0
mg, 0.148 mmol, 74% isolated yield). Off-white solid. M.p. 118-123 °C. IR (neat) 701, 778, 823,

961, 1013, 1171, 1222, 1245, 1386, 1498 cm™'. "H NMR (400 MHz, CDCl3) & 7.89 (m, 1H),
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7.63-7.53 (m, 6H), 4.36 (s, 3H), 4.26 (m, 1H), 4.10 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H), 1.15 (d, J
= 16.4 Hz, 3H), 0.94-0.77 (m, 2H), 0.67 (m, 1H), 0.56 (m, 1H). *C NMR (100.6 MHz, CDCl)
5138.0 (d, Jop = 125.8 Hz), 135.5, 131.4, 129.4, 128.4 (d, Jep = 5.0 Hz), 127.4 (d, Jep = 4.2
Hz), 127.1, 64.0 (d, Je» = 6.6 Hz), 39.1, 17.3 (d, Je» = 9.0 Hz), 16.0 (d, Je_p = 6.0 Hz), 13.4 (d,
Jep=156.0 Hz), 13.3 (d, Jer = 3.0 Hz), 12.5 (d, Jc» = 1.8 Hz). *'P NMR (162 MHz, CDCL3) &
29.3. HRMS-ESI (mm/2): [M-BE4]" calcd for C16HxN,04P; 305.1413, found 305.1413.

2-[Ethoxy(1-methylcyclobutyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium

Tetrafluoroborate (3ea)

Q
EY PSOEt ph
=N7%
Me-N_ BF,

The reaction was carried out according to procedure A. The product 3ea was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 53.6
mg, 0.132 mmol, 66% isolated yield). Pale yellow oil. IR (neat) 544, 697, 750, 1011, 1050, 1165,
1232, 1379, 1459, 1500 cm™'. "H NMR (400 MHz, CDCl;) 67.88 (m, 1H), 7.61-7.48 (m, 6H),
4.39 (m, 1H), 4.31 (s, 3H), 4.08 (m, 1H), 2.45 (m, 1H), 2.27-2.09 (m, 2H), 1.88-1.69 (m, 2H),
1.51 (m, 1H), 1.39-1.29 (m, 6H). *C NMR (100.6 MHz, CDCl3) & 137.8 (d, Jcr = 102.6 Hz),
135.4, 131.4, 129.3, 128.5 (d, Jcpr = 4.2 Hz), 127.7 (d, Jc—p = 4.0 Hz), 127.1, 64.2 (d, Jcp = 7.8
Hz), 38.9, 38.7 (d, Jc» = 110.2 Hz), 28.2 (d, Jc» = 5.0 Hz), 28.2 (d, Jc» = 5.0 Hz), 20.1 (d, Jc»
=4.4 Hz), 16.2 (d, Jcp = 5.0 Hz), 16.1 (d, Jer = 17.2 Hz). *'P NMR (162 MHz, CDCl;) §31.5.
HRMS-ESI (m/z): [M—BF4]" calcd for C17H24N20,P; 319.1570, found 319.1569.

2-[Ethoxy(1-methylcyclopentyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium

Tetrafluoroborate (3fa)
o}
ég’ﬁgﬁt Ph
N2 BFR,

M

The reaction was carried out according to procedure A. The product 3fa was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 59.7
mg, 0.142 mmol, 71% isolated yield). Pale yellow oil. IR (neat) 547, 697, 766, 1008, 1050, 1165,
1238, 1379, 1459, 1498 cm'. "H NMR (400 MHz, CDCl;) & 7.94 (s, 1H), 7.60-7.50 (m, 6H),
4.45-4.34 (m, 4H), 4.08 (m, 1H), 1.88-1.64 (m, 6H), 1.47-1.37 (m, 2H), 1.29 (t, /= 7.2 Hz, 3H),
1.10 (d, J = 20.8 Hz, 3H). ®C NMR (100.6 MHz, CDCl;) 5 138.1 (d, Jc» = 101.6 Hz), 135.7,
131.2,129.0, 128.5 (d, Jc » =4.0 Hz), 128.1 (d, Jc » = 3.8 Hz), 127.4, 64.2 (d, Jc» = 8.0 Hz), 44.9
(d, Jer=112.6 Hz), 39.1, 33.9 (x2C), 24.3 (d, Jc» = 4.0 Hz), 24.2 (d, Jc» = 3.6 Hz), 20.8 (d, Jc-
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p = 2.0 Hz), 16.2 (d, Jor = 5.4 Hz). P NMR (162 MHz, CDCl3) & 36.6. HRMS—ESI (m/2):
[M—BF.]" caled for CisHasN2O2P; 333.1726, found 333.1727.

2-[Ethoxy(1-methylcyclohexyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Tetrafluoroborate (3ga)

1l
dPSQEt,Ph
=N7%
N —
{1e- N2 BF4

The reaction was carried out according to procedure A. The product 3ga was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 39.9
mg, 0.092 mmol, 46% isolated yield). Pale yellow oil. IR (neat) 553, 697, 961, 1011, 1050, 1237,
1382, 1469, 1498, 2934 cm™'. "H NMR (400 MHz, CDCl;) & 7.96 (s, 1H), 7.61-7.52 (m, 6H),
4.46-4.33 (m, 4H), 4.08 (m, 1H), 1.63-1.38 (m, 9H), 1.31 (t, /= 6.8 Hz, 3H), 1.18-1.11 (m, 4H).
BC NMR (100.6 MHz, CDCl3) §137.6 (d, Jer = 97.6 Hz), 135.8, 131.2, 128.9, 128.5 (d, Jep =
3.0 Hz), 128.3 (d, Jc» = 4.0 Hz), 127.5, 64.3 (d, Jc» = 8.0 Hz), 39.2, 38.8 (d, Jcr = 109.6 Hz),
29.2,29.0,24.9, 19.8 (d, Jcr = 10.0 Hz), 19.7 (d, Jc» = 10.4 Hz), 16.3, 16.3 (d, Jc» = 5.4 Hz).
3P NMR (162 MHz, CDCl3) & 37.2. HRMS-ESI (m/z): [M—BF4]" caled for CioHasN>O,P;
347.1883, found 347.1882.

2-{[1-(tert-Butoxycarbonyl)-4-methylpiperidin-4-yl|(ethoxy)phosphoryl}-1-methyl-3-
phenyl-1H-imidazolium Tetrafluoroborate (3ha)

(j/P\OEt, Ph
]’:N T

N —
BocN Me” Y BF4

The reaction was carried out according to procedure A. The product 3ha was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 41.8
mg, 0.078 mmol, 39% isolated yield). Pale yellow oil. IR (neat) 546, 698, 767, 1014, 1057, 1153,
1244, 1367, 1498, 1686 cm'. "H NMR (400 MHz, CDCl;) & 7.96 (s, 1H), 7.61-7.52 (m, 6H),
4.46-4.34 (m, 4H), 4.10 (m, 1H), 3.89-3.82 (m, 2H), 2.94-2.93 (m, 2H), 1.75-1.65 (m, 4H), 1.43
(s, 9H), 1.31 (t, J = 6.4 Hz, 3H), 1.21 (d, J = 21.2 Hz, 3H). *C NMR (100.6 MHz, CDCl3) &§
154.5,137.1 (d, Jcp = 102.6 Hz), 135.6, 131.4, 129.0, 128.7, 128.5 (d, Jc—» = 3.0 Hz), 127.5, 80.0,
64.7 (d, Jer = 8.0 Hz), 39.2, 37.5 (d, Jo—» = 112.6 Hz), 28.7, 28.5, 28.4, 16.3 (d, Jc—» = 6.0 Hz),
15.7.*'P NMR (162 MHz, CDCl;) 635.0. HRMS-ESI (m/z): [M—BF,4]" calcd for C23H3sN304P;
448.2360, found 448.2362.
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2-[(Adamantan-1-yl)(ethoxy)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Tetrafluoroborate (3ia)
0]

@P‘OELPh
=N%+

N _
Me” Y BF4

The reaction was carried out according to procedure A. The product 3ia was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-95:5, DCM/MeOH) (Table 4-2; 74.6
mg, 0.158 mmol, 79% isolated yield). Pale yellow oil. IR (neat) 552, 754, 974, 1015, 1054, 1165,
1238, 1456, 1498, 2910 cm™'. "H NMR (400 MHz, CDCl;) & 7.96 (s, 1H), 7.60-7.52 (m, 6H),
4.40—4.33 (m, 4H), 4.02 (m, 1H), 2.03 (s, 3H), 1.74-1.67 (m, 12H), 1.29 (t, J = 6.8 Hz, 3H). *C
NMR (100.6 MHz, CDCL;) 6137.4 (d, Jc» = 98.6 Hz), 135.8, 131.2, 128.9, 128.6 (d, Jc» = 4.0
Hz), 128.3 (d, Jc» = 4.0 Hz), 127.4, 64.1 (d, Jcr = 8.0 Hz), 39.1, 38.2 (d, Jcp = 112.6 Hz), 35.8
(d, Jer = 1.2 Hz), 33.9 (d, Jc» = 3.0 Hz), 26.7 (d, Jcp = 12.4 Hz), 16.2 (d, Jcp = 5.4 Hz). *'P
NMR (162 MHz, CDCl3) §33.2. HRMS-ESI (m/z): [M—BF4]" calcd for C22H30N2O,P; 385.2039,
found 385.2038.

2-{Ethoxy[4-(methoxycarbonyl)bicyclo[2.2.2]octan-1-yl]phosphoryl}-1-methyl-3-phenyl-
1H-imidazolium Tetrafluoroborate (3ja)
)

/@/E\SglﬁtiPh
MeO,C Me N\ BF,

The reaction was carried out according to procedure A. The product 3ja was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-92:8, DCM/MeOH) (Table 4-2; 59.5
mg, 0.118 mmol, 59% isolated yield). Off-white solid. M.p. 62—67 °C. IR (neat) 556, 698, 768,
1017, 1054, 1166, 1240, 1458, 1498, 1725 cm™'. '"H NMR (400 MHz, CDCl3) §7.95 (s, 1H),
7.61-7.52 (m, 6H), 4.42-4.30 (m, 4H), 4.03 (m, 1H), 3.62 (s, 3H), 1.80-1.66 (m, 12H), 1.28 (t,J
= 6.8 Hz, 3H). *C NMR (100.6 MHz, CDCl;) §176.8, 137.1 (d, Jcp = 105.2 Hz), 135.7, 131.2,
128.9,128.6 (d, Jc» =4.0 Hz), 128.3 (d, Jc » = 3.8 Hz), 127.4, 64.3 (d, Jc» = 7.8 Hz), 51.9, 39.1,
37.9, 35.7 (d, Je» = 120.8 Hz), 26.7 (d, Jcp = 14.0 Hz), 23.4, 16.3 (d, Jcr = 5.2 Hz). *'P NMR
(162 MHz, CDCls) §34.8. HRMS-ESI (m/z): [M—BF4]" calcd for C2,H30N,O4P; 417.1938, found
417.1934.
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2-{[5-(2,5-Dimethylphenoxy)-2-methylpentan-2-yl](ethoxy)phosphoryl}-1-methyl-3-
phenyl-1H-imidazolium Tetrafluoroborate (3ka)
L, 8
OW P‘OENt Ph

N\=

Me-N/ BF,

The reaction was carried out according to procedure A. The product 3ka was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-2;
71.6 mg, 0.132 mmol, 66% isolated yield). White solid. M.p. 49-54 °C. IR (neat) 552, 666, 695,
747,1013, 1051, 1129, 1159, 1238, 1498 cm™'. "H NMR (400 MHz, CDCl5) 57.94 (s, 1H), 7.52—
7.48 (m, 4H), 7.41-7.37 (m, 2H), 6.99 (d, J= 7.2 Hz, 1H), 6.67 (d, /= 7.2 Hz, 1H), 6.60 (s, 1H),
442 (m, 1H), 4.31 (s, 3H), 4.11 (m, 1H), 3.89 (t, /= 5.6 Hz, 2H), 2.31 (s, 3H), 2.08 (s, 3H), 1.78—
1.70 (m, 2H), 1.64-1.57 (m, 2H), 1.30 (t, J = 6.8 Hz, 3H), 1.17-1.09 (m, 6H). *C NMR (100.6
MHz, CDCl3) 6 156.6, 137.3 (d, Jcr = 99.6 Hz), 136.6, 135.7, 131.1, 130.3, 128.8, 128.6 (d, Jc-
p=4.0Hz), 128.3 (d, J.r=4.0 Hz), 127.5, 123.2, 120.8, 111.8, 67.2, 64.4 (d, Jc_» = 8.0 Hz), 39.1,
38.1 (d, Jcr = 107.6 Hz), 31.6, 22.8 (d, Jcr = 11.2 Hz), 21.3, 20.1, 16.2 (d, Jc—p = 6.0 Hz), 15.7.
3P NMR (162 MHz, CDCls) & 37.5. HRMS-ESI (m/z): [M—BF4]" caled for CasH3sN2OsP;
455.2458, found 455.2460.

2-[Ethoxy(pentan-3-yl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium Tetrafluoroborate
(3la)

Q
/j/P\OEt, Ph
=N3
Me-N” BF,

The reaction was carried out according to procedure A. The product 3la was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-2;
43.3 mg, 0.106 mmol, 53% isolated yield). Off-white solid. M.p. 115-120 °C. IR (neat) 520, 557,
698, 768, 964, 974, 1017, 1053, 1240, 1500 cm™'. '"H NMR (400 MHz, CDCl3) §7.87 (s, 1H),
7.67-7.50 (m, 6H), 4.40-4.32 (m, 4H), 4.08 (m, 1H), 1.73-1.43 (m, SH), 1.29 (t, /= 7.2 Hz, 3H),
0.91-0.86 (m, 6H). *C NMR (100.6 MHz, CDCls) & 137.8 (d, Jc» = 104.8 Hz), 135.2, 131.6,
129.7, 128.5 (d, Jcp = 4.0 Hz), 127.2 (d, Jc—» = 4.0 Hz), 126.7, 63.9 (d, Jc» = 8.0 Hz), 41.5 (d,
Jcpr =107.8 Hz), 38.8, 19.1, 18.2 (d, Jcr = 5.0 Hz), 16.1 (d, Jcp = 6.4 Hz), 11.9 (d, Jcr = 8.0
Hz), 11.0 (d, Jcp = 13.2 Hz). *’P NMR (162 MHz, CDCl;) §33.1. HRMS-ESI (m/z): [M—BF,]"
calcd for C17H26N202P; 321.1726, found 321.1718.
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2-[Cyclohexyl(ethoxy)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium Tetrafluoroborate
(3ma)
O

O/BSQ:ENE%
Me-N/ BF,

The reaction was carried out according to procedure A. The product 3ma was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-92:8, DCM/MeOH) (Table 4-2; 42.0
mg, 0.100 mmol, 50% isolated yield). Pale yellow oil. IR (neat) 567, 698, 773, 1020, 1056, 1166,
1241, 1452, 1500, 2932 cm ™. "H NMR (400 MHz, CDCl3) 67.89 (m, 1H), 7.68-7.50 (m, 6H),
4.35-4.29 (m, 4H), 4.04 (m, 1H), 1.80—1.65 (m, 4H), 1.50-1.37 (m, 4H), 1.27-1.15 (m, 6H). *C
NMR (100.6 MHz, CDCl3) 6137.6 (d, Jc—p = 105.6 Hz), 135.2, 131.6, 129.8, 128.5 (d, Jcp =4.0
Hz), 127.2 (d, Jcr = 4.0 Hz), 126.5, 64.0 (d, Jcr = 8.0 Hz), 38.9, 38.5 (d, Jcp = 111.6 Hz), 25.5,
25.4,25.2 (d, Jep = 2.0 Hz), 24.0, 23.1 (d, Jep = 5.4 Hz), 16.1 (d, Jopr = 6.4 Hz). *'P NMR (162
MHz, CDCl;) 6 31.1. HRMS-ESI (m/z): [M—BF4]" calcd for CisH26N20-P; 333.1726, found
333.1729.

2-[Cycloheptyl(ethoxy)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium Tetrafluoroborate

(3na)
(0]

Il
Pe
Q ﬁﬁtiph
Me” N\/) "BF,

The reaction was carried out according to procedure A. The product 3na was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-92:8, DCM/MeOH) (Table 4-2; 62.5
mg, 0.144 mmol, 72% isolated yield). Pale yellow oil. IR (neat) 559, 697, 768, 1011, 1050, 1166,
1240, 1382, 1459, 1500 cm™'. "H NMR (400 MHz, CDCl;) & 7.89 (s, 1H), 7.67-7.50 (m, 6H),
4.39-4.31 (m, 4H), 4.08 (m, 1H), 1.84-1.74 (m, 3H), 1.59-1.25 (m, 13H). *C NMR (100.6 MHz,
CDCl3) 6137.6 (d, Jcp = 106.6 Hz), 135.1, 131.7, 129.7, 128.6 (d, Jc» = 4.0 Hz), 127.2 (d, Jcp
=3.6 Hz), 126.6, 64.1 (d, Jcr = 8.0 Hz), 39.2 (d, Jcr = 106.6 Hz), 38.8, 27.9, 27.6, 27.2 (d, Jc»r
= 17.2 Hz), 26.9 (d, Jc» = 19.0 Hz), 25.6, 24.7 (d, Jcr = 5.0 Hz), 16.2 (d, Jc» = 6.2 Hz). *'P
NMR (162 MHz, CDCl3) §33.0. HRMS-ESI (m/z): [M—BF4]" calcd for C19H2sN>O,P; 347.1883,
found 347.1881.
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2-({1-[(Benzyloxy)carbonyl]|pyrrolidin-2-yl}(ethoxy)phosphoryl)-1-methyl-3-phenyl-1H-
imidazolium Tetrafluoroborate (30a)

Cbz 9]

N P0oEt ph
SR

Me-N2 BF,

The reaction was carried out according to procedure A. The product 3oa was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-2;
56.3 mg, 0.104 mmol, 52% isolated yield). The diastereomeric ratio (1.7:1) was determined by
*'P NMR.

3oa-major

Pale yellow oil. IR (neat) 556, 701, 768, 1054, 1172, 1247, 1357, 1406, 1500, 1696 cm™'. 'H
NMR (400 MHz, CDCL) 6 7.67-7.50 (m, 6H), 7.42-7.31 (m, 6H), 5.11 (d, J = 12.0 Hz, 1H),
4.92 (d, J=12.0 Hz, 1H), 4.30 (m, 1H), 4.12 (m, 1H), 3.92-3.83 (m, 4H), 3.61-3.47 (m, 2H),
2.30-2.04 (m, 3H), 1.95 (m, 1H), 1.11 (t,J= 6.8 Hz, 3H). *C NMR (100.6 MHz, CDCl;) 5§155.6,
137.0 (d, Jer = 120.0 Hz), 135.9, 135.8, 131.3, 129.6, 128.8, 128.7 (x2C), 127.9 (d, Jc» = 5.0
Hz), 127.1 (d, Jc» = 4.0 Hz), 126.5, 67.9, 64.9 (d, Jc » = 8.0 Hz), 57.7 (d, Jc» = 134.2 Hz), 47 4,
38.0,25.6,24.9, 15.9 (d, Jep = 6.0 Hz). P NMR (162 MHz, CDCl;) 519.3. HRMS—ESI (m/z):
[M—BF,]" caled for CasH20N304P; 454.1890, found 454.1889.

3oa-minor

Pale yellow oil. IR (neat) 557, 698, 768, 1053, 1242, 1357, 1405, 1456, 1500, 1698 cm™'. 'H
NMR (400 MHz, CDCls) 6 7.60-7.50 (m, 5H), 7.44—7.33 (m, 7H), 5.12 (d, J = 12.0 Hz, 1H),
4.93 (d, J = 12.0 Hz, 1H), 4.42-4.25 (m, 2H), 4.08 (m, 1H), 3.90 (s, 3H), 3.60-3.46 (m, 2H),
2.29-2.04 (m, 4H), 1.28 (t,J= 7.2 Hz, 3H). *C NMR (100.6 MHz, CDCl3) §155.7, 137.4 (d, Jc_
p=117.8 Hz), 135.7, 135.7, 131.2, 130.6, 129.4, 128.9, 128.8, 127.8 (d, Jc-r = 5.0 Hz), 127.1 (d,
Jop = 3.0 Hz), 126.5, 68.1, 65.4 (d, Jcr = 7.8 Hz), 58.1 (d, Jcp = 129.8 Hz), 47.4, 37.9, 25.3,
24.9,16.2 (d, Jor = 6.0 Hz). *'P NMR (162 MHz, CDCls) §22.1. HRMS-ESI (m/z): [M—BF,]"
caled for Co4H29N304P; 454.1890, found 454.1893.

2-[Ethoxy(phenethyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Trifluoromethanesulfonate (3pb)
9
Ph/\/PSQIIE\jt;Ph
Me-N 2 OTf

The reaction was carried out according to procedure B. The product 3pb was purified by flash
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column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-2;
66.6 mg, 0.132 mmol, 66% isolated yield). Pale yellow oil. IR (neat) 517, 636, 697, 754, 975,
1028, 1152, 1224, 1257, 1500 cm™'. "H NMR (400 MHz, CDCls) §7.77 (s, 1H), 7.63 (m, 1H),
7.58-7.52 (m, 4H), 7.49 (s, 1H), 7.28-7.25 (m, 2H), 7.20 (m, 1H), 7.09 (d, J= 7.2 Hz, 2H), 4.34
(s, 3H), 4.20 (m, 1H), 3.94 (m, 1H), 2.99-2.81 (m, 2H), 2.27 (m, 1H), 2.10 (m, 1H), 1.15 (t, J =
7.2 Hz, 3H). *C NMR (100.6 MHz, CDCls) 5 138.8 (d, Jcp = 15.0 Hz), 138.0 (d, Jcp = 116.6
Hz), 135.1, 131.7, 129.8, 128.7, 128.1 (d, Jcr = 4.8 Hz), 128.0, 126.9, 126.8 (d, Jcr = 4.0 Hz),
126.7, 120.6 (q, Jcr = 320.0 Hz), 63.9 (d, Jc» = 8.0 Hz), 39.0, 31.8 (d, Jc» = 109.6 Hz), 26.5 (d,
Jop=4.0 Hz), 15.9 (d, Jc» = 6.0 Hz). *'P NMR (162 MHz, CDCls) 628.2. HRMS-ESI (m/z):
[M—OT(]" calcd for C2H24N>0,P; 355.1570, found 355.1565.

2-[Ethoxy(heptadecyl)phosphoryl]-1-methyl-3-phenyl-1H-imidazolium
Trifluoromethanesulfonate (3qb)
o]

I
=N%
Me-N .2 “OTf

The reaction was carried out according to procedure B. The product 3qb was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-92:8, DCM/MeOH) (Table 4-2; 23.0
mg, 0.036 mmol, 18% isolated yield). Pale yellow oil. IR (neat) 559, 636, 697, 767, 1030, 1153,
1224, 1258, 1501, 2923 cm™'. "H NMR (400 MHz, CDCl;) & 7.82 (s, 1H), 7.65-7.54 (m, 6H),
4.35 (s, 3H), 4.24 (m, 1H), 3.92 (m, 1H), 1.90 (m, 1H), 1.81-1.69 (m, 2H), 1.56—1.46 (m, 2H),
1.30-1.19 (m, 30H), 0.88 (t, J = 6.8 Hz, 3H). *C NMR (100.6 MHz, CDCl3) §138.4 (d, Jcp =
113.8 Hz), 135.2, 131.6, 129.8, 128.1 (d, Jcr =4.2 Hz), 126.8 (d, Jc-p = 3.6 Hz), 126.6, 120.6 (q,
Jer=320.2 Hz), 63.7 (d, Jc» = 7.4 Hz), 38.9, 31.9, 30.4 (d, Jcp = 110.0 Hz), 30.2 (d, Jc» = 16.8
Hz), 29.7 (x4C), 29.6 (x2C), 29.6, 29.5, 29.3, 29.2, 28.9, 22.7, 20.4 (d, Jcr = 5.2 Hz), 16.0 (d,
Jep = 6.0 Hz), 14.1. *'P NMR (162 MHz, CDCl3) 6 29.8. HRMS—ESI (m/z): [M—OTf]" calcd
for C29HsoN20:P; 489.3604, found 489.3607.
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6. X-ray Structure of 3da

A suitable crystal obtained by recrystallization was mounted with mineral oil on a Cargille
Immersion Oil Type B and transferred to Bruker Single Crystal CCD X-ray Diffractometer
(SMART APEX II) (Graphite-monochromated Mo Ka radiation (1= 0.71073 A)). Cell parameters
were determined and refined, and raw frame data were integrated using APEX 3 (Bruker) and a
multi-scan absorption correction using an empirical method was applied. The structures were
solved by direct methods with SHELXT and refined by full-matrix least-squares techniques
against F2 (SHELXL2018/3) by using Yadokari-XG software package. Crystallographic data for
the structures reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre.

Figure S4-3. ORTEP diagram of 3da. Ellipsoids are drawn at 50% probability. A single crystal

used for the analysis was obtained by recrystallization from hexane/DCM.

Table S4-1. Crystallographic data and structure refinement details of 3da

3da
CCDC No. 2417872
fonnula C32H44B2F3N404P 2
fw 784.27
T(K) 86(2)
A(A) 0.71073
cryst syst triclinic
space group P-1
a(A) 7.936(4)
b(A) 12.536(6)
c(A) 19.859(9)
o (deg) 93.626(6)
S (deg) 91.899(5)
7 (deg) 104.619(4)
V(A% 1905.5(15)
Z 2
Deatc (g-cm™) 1.367
4 (mm™) 0.194
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F(000) 816

cryst size (mm?*) 0.12x0.27 x 0.31
2Orange (deg) 3.37t0 50.16
reflns collected 18394

indep reflns/Rint 6727/0.0313
params 488

GOF on F? 1.050

Ri, wRy [IP20 (1)] 0.0490, 0.1191
Ri, wR, (all data) 0.0607, 0.1268

7. General Procedure for Synthesis of zert-Alkylphosphorus(V) Compounds

The reaction conditions for Sx\P(V) reactions with phenols (procedure C). Nucleophiles 4 (0.2
mmol) was placed in an oven-dried screw-top 4 mL vial containing a magnetic stirring bar. The
vial was then introduced in the nitrogen-filled glovebox and to this was added THF (150 pL) and
NaH (60% dispersion in Paraffin Liquid, 12.0 mg, 0.3 mmol). After stirring at room temperature
for 30 min, this reaction mixture was added to 3aa (39.4 mg, 0.1 mmol) in THF (100 pL). After
stirring at room temperature for 30 min, the reaction mixture was quenched with sat. NH4Cl aq.
and extracted three times with EtOAc. After volatiles were removed under reduced pressure,
purification by flash column chromatography on silica gel gave tert-alkylphosphorus(V)

compounds 5.

The reaction conditions for SxP(V) reactions with aliphatic alcohols (procedure D).
Nucleophiles 4 (0.2 mmol) was placed in an oven-dried screw-top 4 mL vial containing a
magnetic stirring bar. The vial was then introduced in the nitrogen-filled glovebox and to this was
added THF (150 uL) and NaH (60% dispersion in Paraffin Liquid, 12.0 mg, 0.3 mmol). After
stirring at 40 °C for 30 min, this reaction mixture was added to 3aa (39.4 mg, 0.1 mmol) in THF
(100 uL). After stirring at room temperature for 30 min, the reaction mixture was quenched with
sat. NH4Cl aq. and extracted three times with EtOAc. After volatiles were removed under reduced
pressure, purification by flash column chromatography on silica gel gave tert-alkylphosphorus(V)

compounds 5.

The reaction conditions for SxP(V) reactions with nucleoside derivatives (procedure E).
Nucleophiles 4 (0.2 mmol) was placed in an oven-dried screw-top 4 mL vial containing a
magnetic stirring bar. The vial was then introduced in the nitrogen-filled glovebox and to this was
added THF (150 uL) and NaH (60% dispersion in Paraffin Liquid, 20.0 mg, 0.5 mmol). After
stirring at 40 °C for 30 min, this reaction mixture was added to 3aa (39.4 mg, 0.1 mmol) in THF
(100 pL). After stirring at room temperature for 30 min, the reaction mixture was quenched with

sat. NH4Cl aq. and extracted three times with EtOAc. After volatiles were removed under reduced
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pressure, purification by flash column chromatography on silica gel gave tert-alkylphosphorus(V)

compounds 5.

The reaction conditions for SxP(V) reactions with cyclic amines (procedure F). 1-
Phenylpiperazine (41) (22.7 pL, 0.15 mmol) was placed in an oven-dried screw-top 4 mL vial
containing a magnetic stirring bar. The vial was then introduced in the nitrogen-filled glovebox
and to this was added THF (600 pL). The vial was then removed from the glovebox, and n-BuLi
(1.51 M in hexane, 99.3 uL, 0.15 mmol) was added dropwise to this solution at —78°C. After
stirring at —78 °C for 30 min, this reaction mixture was added to 3da (39.2 mg, 0.1 mmol) in THF
(400 pL). After stirring at room temperature for 30 min, the reaction mixture was quenched with
sat. NH4Cl aq. and extracted three times with EtOAc. After volatiles were removed under reduced
pressure, purification by flash column chromatography on silica gel gave tert-alkylphosphorus(V)

compounds 5L

The reaction conditions for SN\P(V) reactions with TBAF (procedure G). In a glovebox, to an
oven-dried vial with a stirring bar was added 3ka (27.1 mg, 0.005 mmol) and THF (125 pL).
Then, tetrabutylammonium fluoride solution (1 M in THF, 100 pL, 0.1 mmol) was added to the
reaction mixture. After stirring at room temperature for 30 min, the reaction mixture was
quenched with sat. NH4Cl aq. and extracted three times with EtOAc. After volatiles were removed
under reduced pressure, purification by flash column chromatography on silica gel gave

fluorophosphonates Sm.

8. Characterization Data for fer-Alkylphosphorus Compounds
Ethyl (4-Methoxyphenyl) fert-Butylphosphonate (5a)
o}

1
R-0Et
-

The reaction was carried out according to procedure C. The product 5a was purified by flash

OMe

column chromatography on silica gel (Biotage Selekt, 95:5-50:50, hexane/AcOEt) (Table 4-3;
21.2 mg, 0.078 mmol, 78% isolated yield). Pale yellow oil. IR (neat) 659, 768, 833, 912, 1034,
1102, 1195, 1205, 1257, 1504 cm™'. "H NMR (400 MHz, CDCl3) 67.14 (dd, J=9.2, 1.2 Hz, 2H),
6.85-6.81 (m, 2H), 4.18-4.02 (m, 2H), 3.78 (s, 3H), 1.28 (d, /= 17.2 Hz, 9H), 1.22 (t,J= 8.0 Hz,
3H). *C NMR (100.6 MHz, CDCl3) 6 156.3 (d, Jc_r = 1.4 Hz), 144.7 (d, Jcr = 10.2 Hz), 121.4
(d, Jer = 3.8 Hz), 114.4, 62.7 (d, Jc—» = 8.0 Hz), 55.6, 31.6 (d, Jcp = 142.4 Hz), 24.8 (d, Jcr =
2.0 Hz), 16.4 (d, Jc_» = 6.0 Hz). *’P NMR (162 MHz, CDCl;) §34.4. HRMS-ESI (m/2): [M+H]"
calcd for Ci3H2,04P; 273.1250, found 273.1245.
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Ethyl [4-(Trifluoromethyl)phenyl] zert-Butylphosphonate (5b)
9
>< R-OEt
-

The reaction was carried out according to procedure C. The product Sb was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0-80:20, hexane/AcOEt) (Table 4-3;
25.1 mg, 0.081 mmol, 81% isolated yield). Pale yellow oil. IR (neat) 722, 909, 1037, 1122, 1163,
1221, 1263, 1323, 1514, 1613 cm™'. "H NMR (400 MHz, CDCl3) §7.60 (d, J = 8.8 Hz, 2H), 7.36
(d, J = 8.8 Hz, 2H), 4.25-4.06 (m, 2H), 1.31-1.25 (m, 12H). *C NMR (100.6 MHz, CDCl3) &
153.9 (d, Jc»=10.6 Hz), 126.9 (q, Jcr = 3.6 Hz), 126.4 (q, Jcr = 32.2 Hz), 123.9 (q, Jcr =271.6
Hz), 120.8 (d, Jc-» = 5.0 Hz), 63.0 (d, Jcr = 7.8 Hz), 31.9 (d, Jc—p = 141.8 Hz), 24.6 (d, Jcp =2.2
Hz), 16.4 (d, Jc» = 5.6 Hz). ’F NMR (376.5 MHz, CDCl;) 6—62.1. P NMR (162 MHz, CDCl;)
634.9. HRMS-ESI (m/z): [M+H]" calcd for C13H19F305P; 311.1018, found 311.1015.

CFs

Ethyl Naphthalen-2-yl fert-Butylphosphonate (5c)

Q
R-OEt
>< o
The reaction was carried out according to procedure C. The product S¢ was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-40:60, hexane/AcOEt) (Table 4-3;
25.1 mg, 0.086 mmol, 86% isolated yield). Off-white solid. M.p. 57-60 °C. IR (neat) 748, 839,
926, 965, 1036, 1159, 1211, 1465, 1510, 1599 cm™". '"H NMR (400 MHz, CDCl3) §7.82-7.78 (m,
3H), 7.71 (s, 1H), 7.49-7.37 (m, 3H), 4.25-4.04 (m, 2H), 1.33 (d, /= 17.2 Hz, 9H), 1.23 (t, J =
7.2 Hz, 3H). ®C NMR (100.6 MHz, CDCls) & 148.9 (d, Jer = 10.0 Hz), 133.9, 130.7, 129.5,
127.6, 127.4, 126.5, 125.1, 120.7 (d, Jc» = 4.0 Hz), 116.8 (d, Jcr = 4.0 Hz), 62.9 (d, Jcr = 7.6
Hz), 31.8 (d, Jep = 142.8 Hz), 24.8 (d, Jc» = 2.0 Hz), 16.4 (d, Jc» = 5.6 Hz). *'P NMR (162
MHz, CDCl3) §34.5. HRMS-ESI (m/z): [M+H]" caled for C16H2,05P; 293.1301, found 293.1298.

4-Allyl-2-methoxyphenyl Ethyl zert-Butylphosphonate (5d)

Q

R-0Et
O

MeO

The reaction was carried out according to procedure C. The product 5d was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-40:60, hexane/AcOEt) (Table 4-3;
13.4 mg, 0.043 mmol, 43% isolated yield). Pale yellow oil. IR (neat) 658, 748, 915, 1036, 1126,
1152, 1211, 1258, 1270, 1510 cm™'. "H NMR (400 MHz, CDCl) §7.22 (dd, J= 8.0, 1.2 Hz, 1H),
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6.74-6.69 (m, 2H), 5.94 (m, 1H), 5.10-5.06 (m, 2H), 4.26-4.08 (m, 2H), 3.84 (s, 3H), 3.34 (d, J
= 6.4 Hz, 2H), 1.32-1.25 (m, 12H). *C NMR (100.6 MHz, CDCl;) & 150.6 (d, Jc» = 4.4 Hz),
138.6 (d, Jep = 9.8 Hz), 137.2, 137.0, 121.6 (d, Jc—p = 3.0 Hz), 120.6, 115.9, 112.9, 62.4 (d, Jc_p
= 8.0 Hz), 55.8, 39.9, 31.9 (d, Jc» = 142.8 Hz), 24.7 (d, Jc» = 2.4 Hz), 16.4 (d, Jc» = 5.8 Hz).
3PNMR (162 MHz, CDCl;) §34.6. HRMS-ESI (m/2): [M+H]" caled for C1sH2604P; 313.1563,
found 313.1560.

Methyl (S5)-2-[(tert-Butoxycarbonyl)amino]-3-(4-{[tert-
butyl(ethoxy)phosphoryl]oxy}phenyl)propanoate (Se)
Q
>< P\Z)OEt NHBoc
\©\ﬁcone

The reaction was carried out according to procedure C. The product Se was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-50:50, hexane/AcOEt) (Table 4-3;
33.7 mg, 0.076 mmol, 76% isolated yield). Off-white solid. M.p. 81-86 °C. IR (neat) 666, 753,
919, 1023, 1166, 1211, 1508, 1692, 1712, 1749 cm™'. "H NMR (400 MHz, CDCl3) §7.16 (d, J =
8.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 4.96 (d, J = 8.4 Hz, 1H), 4.56 (m, 1H), 4.21-4.02 (m, 2H),
3.71 (s, 3H), 3.11-3.00 (m, 2H), 1.43 (s, 9H), 1.30-1.21 (m, 12H). *C NMR (100.6 MHz, CDCl;)
0172.2 (x2C), 155.0 (x2C), 150.2 (d, Je—p = 9.8 Hz) (x2C), 132.1 (x2C), 130.3 (x2C), 120.6 (d,
Jer = 3.0 Hz), 120.5 (d, Jcp» = 3.6 Hz), 79.9 (x2C), 62.7 (d, Jcr = 7.0 Hz) (x2C), 54.3 (x2C),
52.2 (x2C), 37.5 (x2C), 31.7 (d, Jc-p = 142.6 Hz), 31.7 (d, Jc—» = 142.4 Hz), 28.2 (x2C), 24.7 (d,
Jop=2.0Hz) (x2C), 16.4 (d, Jcp = 5.4 Hz) (x2C). P NMR (162 MHz, CDCl;) 534.3. HRMS—
ESI (m/z): [M+NH4]" calcd for C21H3sN,O7P; 461.2411, found 461.2408.

Ethyl (3-Phenylpropyl) zert-Butylphosphonate (5f)
o}

>< R-OEt
o\_\
Ph
The reaction was carried out according to procedures D. The product 5f was purified by flash

column chromatography on silica gel (Biotage Selekt, 93:7-40:60, hexane/AcOEt) (Table 4-3;
19.6 mg, 0.069 mmol, 69% isolated yield). Pale yellow oil. IR (neat) 699, 745, 835, 955, 1008,
1026, 1217, 1251, 1479, 2906 cm™'. "H NMR (400 MHz, CDCl3) §7.31-7.27 (m, 2H), 7.21-7.18
(m, 3H), 4.16-4.00 (m, 4H), 2.72 (t, J = 8.0 Hz, 2H), 2.02-1.95 (m, 2H), 1.31 (t,J= 7.2 Hz, 3H),
1.19 (d, J = 16.8 Hz, 9H). *C NMR (100.6 MHz, CDCl;) 5 141.2, 128.4, 128.4, 125.9, 64.6 (d,
Jer=8.0Hz), 61.9 (d, Jor = 7.2 Hz), 32.3 (d, Jcr = 5.8 Hz), 31.7, 31.3 (d, Jcr = 142.6 Hz),
24.8 (d, Jor=2.2 Hz), 16.6 (d, Jc» = 5.6 Hz). P NMR (162 MHz, CDCl;) §37.1. HRMS-ESI
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(m/z): [M+H]" calcd for CisHa605P; 285.1614, found 285.1611.

Benzyl 4-{[tert-Butyl(ethoxy)phosphoryl]oxy}piperidine-1-carboxylate (5g)
O

|
F’\‘OEt
(0]
NCbz

The reaction was carried out according to procedures D. The product Sg was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-25:75, hexane/AcOEt) (Table 4-3;
34.1 mg, 0.089 mmol, 89% isolated yield). Pale yellow oil. IR (neat) 697, 753, 833, 875, 942,
990, 1026, 1222, 1428, 1698 cm™'. '"H NMR (400 MHz, CDCl3) 6§ 7.37-7.32 (m, 5H), 5.13 (s,
2H), 4.63 (m, 1H), 4.15-4.05 (m, 2H), 3.75-3.69 (m, 2H), 3.43-3.37 (m, 2H), 1.89—1.74 (m, 4H),
1.31(t,J=7.2Hz, 3H), 1.17 (d, J= 16.4 Hz, 9H). *C NMR (100.6 MHz, CDCl3) 5155.2, 136.7,
128.5, 128.0, 127.9, 70.9, 67.1, 61.8 (d, Jc—p = 6.4 Hz), 40.7 (d, Jc-» = 7.0 Hz), 32.4, 31.3 (d, Jcr
=143.0 Hz), 24.7 (d, Jcr = 2.2 Hz), 16.6 (d, Jc» = 5.8 Hz). *'P NMR (162 MHz, CDCl;) §36.7.
HRMS-ESI (m/z): [M+H]" caled for C19H3;NOsP; 384.1934, found 384.1936.

{2R,3R 4R,5R)-3-|(tert-Butyldimethylsilyl)oxy]-5-[2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-
yl]-4-methoxytetrahydrofuran-2-ylimethyl Ethyl zert-Butylphosphonate (Sh)

><IFI’\60Et f\fo
SOty
TBSC  OMe

The reaction was carried out according to procedures E. The product Sh was purified by flash
column chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10, hexane/AcOEt/MeOH)
(Table 4-3; 42.7 mg, 0.082 mmol, 82% isolated yield). The diastereomeric ratio (1:1) was
determined by "H NMR. Pale yellow oil. IR (neat) 751, 833, 962, 1049, 1096, 1208, 1250, 1379,
1458, 1691 cm™. '"H NMR (400 MHz, CDCl;) §9.13 (m, 1H), 7.86 (d, J = 8.0 Hz, 0.5 x 1H),
7.77 (d, J=8.0 Hz, 0.5 x 1H), 5.91 (d, J = 2.0 Hz, 1H), 5.76 (dd, /= 8.0, 2.0 Hz, 0.5 x 1H), 5.70
(dd, J=28.0,2.0 Hz, 0.5 x 1H), 4.47 (m, 0.5 x 1H), 4.37 (m, 0.5 x 1H), 4.22-4.12 (m, 5H), 3.66
(m, 1H), 3.56 (s, 0.5 x 3H), 3.54 (s, 0.5 x 3H), 1.34-1.30 (m, 3H), 1.21 (d, /= 16.8 Hz, 9H), 0.91
(s, 0.5 x 9H), 0.91 (s, 0.5 x 9H), 0.12-0.10 (m, 6H). *C NMR (100.6 MHz, CDCl3) & 163.5
(x2C), 150.2, 150.1, 139.8, 139.5, 102.3, 102.0, 88.1, 88.0, 83.6, 83.4, 82.1 (d, Jcr = 6.2 Hz),
81.9 (d, Jc» = 6.8 Hz), 69.2, 68.9, 63.5 (d, Jc» = 7.0 Hz), 62.8 (d, Jc » = 7.0 Hz), 62.8 (d, Jcr =
7.2 Hz), 62.7 (d, Jcp = 7.0 Hz), 58.3 (x2C), 31.7 (d, Jc—» = 141.0 Hz), 31.5 (d, Jc» = 141.8 Hz),
25.6 (x2C), 24.7 (d, Jcr = 2.0 Hz), 24.6 (d, Jc» = 2.4 Hz), 18.0, 18.0, 16.6 (d, Jcr = 6.0 Hz),
16.5 (d, Je» = 6.0 Hz), —4.6, —4.7,—5.0, —5.0. ' PNMR (162 MHz, CDCl;) 638.4,37.9. HRMS—
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ESI (m/z): [M+H]" caled for C22H4N2OsPSi; 521.2443, found 521.2442.

Ethyl ((2R,3S,5R)-5-[5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl]-2-
{[(triisopropylsilyl)oxy]methyl}tetrahydrofuran-3-yl) fer~-Butylphosphonate (5i)

TIPSO f&fo
~"r

N7]/NH
o}
0 o
2
>< OFEt

The reaction was carried out according to procedures E. The product 5i was purified by flash
column chromatography on silica gel (Biotage Selekt, 50:50:0-50:40:10, hexane/AcOEt/MeOH)
(Table 4-3; 33.9 mg, 0.062 mmol, 62% isolated yield). The diastereomeric ratio (1:1) was
determined by '"H NMR. Pale yellow oil. IR (neat) 664, 882, 971, 1004, 1129, 1211, 1250, 1275,
1464, 1691 cm™. "H NMR (400 MHz, CDCl3) §8.93 (m, 1H), 7.47 (d, J= 5.6 Hz, 1H), 6.38 (m,
1H), 5.11 (m, 1H), 4.25 (m, 0.5 x 1H), 4.21 (m, 0.5 x 1H), 4.18-4.09 (m, 2H), 4.00-3.98 (m, 2H),
2.50 (m, 1H), 2.15 (m, 1H), 1.91 (s, 3H), 1.35-1.31 (m, 3H), 1.21-1.09 (m, 30H). *C NMR
(100.6 MHz, CDCls) 6 163.6 (x2C), 150.3 (x2C), 134.9 (x2C), 111.2, 111.2, 86.6 (d, Jcr = 3.0
Hz), 86.3 (d, Jc» = 5.0 Hz), 84.4, 84.3,76.0 (d, Jc » = 6.8 Hz), 75.5 (d, Jc » = 7.0 Hz), 63.4, 63.4,
62.4 (d, Jcp = 7.0 Hz), 62.1 (d, Jcp = 7.0 Hz), 39.9 (d, Jc—r = 3.6 Hz), 39.5 (d, Jc—r = 5.4 Hz),
31.4 (d, Jc—p = 140.6 Hz), 31.2 (d, Jcp = 141.0 Hz), 24.6 (d, Jcr = 2.6 Hz), 24.6 (d, Jc» = 2.0
Hz), 18.0 (x2C), 16.6 (d, Jc» = 5.0 Hz), 16.5 (d, Jcp = 6.0 Hz), 12.3 (x2C), 11.8 (x2C). *'PNMR
(162 MHz, CDCl3) §37.9, 37.8. HRMS—-ESI (m/z): [M+H]" calcd for CosHasN>O7PSi; 547.2963,
found 547.2961.

[(2R,3S5,4R)-3,4-Bis(benzyloxy)-3,4-dihydro-2 H-pyran-2-yl|methyl Ethyl tert-
Butylphosphonate (5j)

Q

I3\\ OEt
e}

(0]
|
BnO"

OBn

The reaction was carried out according to procedure D. The product 5j was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:6-40:60, hexane/AcOEt) (Table 4-3;
14.2 mg, 0.030 mmol, 30% isolated yield). The diastereomeric ratio (1:1) was determined by *'P
NMR. Pale yellow oil. IR (neat) 697, 735, 835, 1010, 1027, 1097, 1217, 1250, 1454, 1647 cm ™.
"H NMR (400 MHz, CDCl3) 67.35-7.28 (m, 10H), 6.40 (d, J= 6.0 Hz, 1H), 4.91-4.86 (m, 2H),
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4.73-4.64 (m, 2H), 4.56 (m, 1H), 4.43—4.28 (m, 2H), 4.21 (m, 1H), 4.18—4.04 (m, 3H), 3.81 (m,
1H), 1.31-1.27 (m, 3H), 1.21-1.16 (m, 9H). *C NMR (100.6 MHz, CDCls) 5144.4, 144.4, 138.1
(x2C), 138.0, 137.9, 128.5 (x2C), 128.5 (x2C), 128.0, 127.9, 127.8, 127.8 (x2C), 127.8, 127.8,
127.7,99.9,99.8, 76.2 (d, Jc-» = 6.0 Hz), 76.1 (d, Jc_r = 6.8 Hz), 75.4,75.2, 74.0, 74.0, 73.9, 73.7,
70.7, 70.6, 63.7 (d, Jep = 7.0 Hz), 63.7 (d, Jer = 7.0 Hz), 62.0, 61.9, 31.6 (d, Jcpr = 142.6 Hz),
31.5 (d, Jop = 142.8 Hz), 24.8, 24.7, 16.6, 16.5. *'P NMR (162 MHz, CDCl;) § 37.5, 37.3.
HRMS-ESI (m/z): [M+Na]" calcd for CosH3sNaOgP; 497.2063, found 497.2060.

Benzyl [Ethoxy(1-methylcyclopropyl)phosphoryl]carbamate (5k)

Q
R-OEt
H—Cbz
The reaction was carried out according to procedure C. The product Sk was purified by flash

column chromatography on silica gel (Biotage Selekt, 100:0-90:10, DCM/MeOH) (Table 4-3;
27.4 mg, 0.092 mmol, 92% isolated yield). Pale yellow oil. IR (neat) 697, 840, 872, 954, 1030,
1188, 1231, 1286, 1452, 1732 cm™'. "TH NMR (400 MHz, CDCl;) §7.38-7.33 (m, 5H), 6.28 (m,
1H), 5.19-5.13 (m, 2H), 4.15 (m, 1H), 4.03 (m, 1H), 1.30-1.23 (m, 7H), 1.14 (m, 1H), 0.63-0.53
(m, 2H). *C NMR (100.6 MHz, CDCl3) §153.3 (d, Jep = 4.0 Hz), 135.4, 128.6, 128.5, 128.3,
67.7, 61.5 (d, Jc—p = 6.6 Hz), 19.1 (d, Jcp = 6.6 Hz), 16.1 (d, Jcp = 6.4 Hz), 13.0 (d, Jcr = 3.0
Hz), 11.9 (d, Je» = 2.0 Hz), 11.2 (d, Jcr = 181.6 Hz). *'P NMR (162 MHz, CDCl;) & 29.3.
HRMS-ESI (m/z): [M+Na]" calcd for C14H20NNaO4P; 320.1022, found 320.1024.

Ethyl (1-Methylcyclopropyl)(4-phenylpiperazin-1-yl)phosphinate (5I)
o]

I
R-0Et
N

Can

The reaction was carried out according to procedure F. The product 51 was purified by flash
column chromatography on silica gel (Biotage Selekt, 90:10-20:80, hexane/AcOEt) (Table 4-3;
9.6 mg, 0.031 mmol, 31% isolated yield). Pale yellow oil. IR (neat) 760, 842, 975, 1038, 1133,
1221, 1380, 1449, 1600, 2848 cm™'. "H NMR (400 MHz, CDCls) §7.30-7.28 (m, 2H), 6.95-6.88
(m, 3H), 4.09 (m, 1H), 3.95 (m, 1H), 3.45-3.30 (m, 4H), 3.19-3.10 (m, 4H), 1.30 (t, /= 7.2 Hz,
3H), 1.25 (d, J = 13.6 Hz, 3H), 1.11-0.96 (m, 2H), 0.58-0.47 (m, 2H). *C NMR (100.6 MHz,
CDCl;) 0151.5,129.2, 120.3, 116.5, 59.9 (d, Jc» = 6.4 Hz), 50.2 (d, Jc» = 5.0 Hz), 44.5 (d, Jc»
=1.4 Hz), 19.6 (d, Jcr = 6.4 Hz), 16.3 (d, Jcp = 6.4 Hz), 12.6 (d, Jc—» = 3.2 Hz), 10.8 (d, Jcp» =
177.8 Hz), 10.8 (d, Jer = 2.4 Hz). *'P NMR (162 MHz, CDCl;) & 33.1. HRMS—ESI (m/z):
[M+H]" caled for C16H26N20,P; 309.1726, found 309.1724.
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Ethyl [5-(2,5-Dimethylphenoxy)-2-methylpentan-2-yl|phosphonofluoridate (5m)
Je o
O/\/>< P\;:OEt

The reaction was carried out according to procedure G. The product Sm was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-50:50, hexane/AcOEt) (Table 4-3;
11.1 mg, 0.035 mmol, 70% isolated yield). Colorless oil. IR (neat) 773, 804, 846, 1034, 1130,
1158, 1265, 1278, 1472, 1510 cm™'. "H NMR (400 MHz, CDCl3) §7.01 (d, J= 7.2 Hz, 1H), 6.67
(d, J=7.2 Hz, 1H), 6.61 (s, 1H), 4.32-4.24 (m, 2H), 3.95 (t, J = 6.0 Hz, 2H), 2.31 (s, 3H), 2.17
(s, 3H), 1.94-1.88 (m, 2H), 1.84-1.75 (m, 2H), 1.38 (t, /= 6.8 Hz, 3H), 1.31 (s, 3H), 1.26 (s, 3H).
BC NMR (100.6 MHz, CDCl3) §156.8, 136.5, 130.3, 123.5, 120.7, 111.8, 67.6, 63.2 (d, Jc» =
7.8 Hz), 33.8, 33.7 (dd, Jcr,cr = 140.6, 18.6 Hz), 24.0 (d, Jc—» = 7.0 Hz), 22.0 (d, Jc—» = 3.0 Hz),
21.8(d, Jor=2.8 Hz),21.4, 16.4 (d, Jc» = 5.0 Hz), 15.7. YF NMR (376.5 MHz, CDCl3) 6—77.0
(d, Jr» = 1111.2 Hz). *'P NMR (162 MHz, CDCl3) §35.9 (d, Jrp = 1111.2 Hz). HRMS-ESI
(m/z): [IM+H]" calcd for CisH27FO5P; 317.1676, found 317.1671.

S-Benzyl O-Ethyl (1-Methylcyclopropyl)phosphonothioate (5n)
0
x
Ph

The reaction was carried out according to procedure C. The product 5Sn was purified by flash
column chromatography on silica gel (Biotage Selekt, 100:0—45:55, hexane/AcOEt) (Table 4-3;
11.4 mg, 0.042 mmol, 42% isolated yield). Colorless oil. IR (neat) 629, 701, 768, 833, 952, 1027,
1214, 1267, 1455, 2930 cm™'. '"H NMR (400 MHz, CDCl;) §7.39-7.38 (m, 2H), 7.34-7.30 (m,
2H), 7.26 (m, 1H), 4.18-3.98 (m, 4H), 1.31-1.24 (m, 6H), 1.21-0.99 (m, 2H), 0.62-0.45 (m, 2H).
BC NMR (100.6 MHz, CDCl3) §138.3 (d, Jc_r = 4.2 Hz), 128.9, 128.6, 127.4, 61.6 (d, Jc» = 7.0
Hz), 34.4 (d, Jc» =3.0 Hz), 19.1 (d, Jc» = 7.0 Hz), 16.2 (d, Jc—» = 150.4 Hz), 16.2 (d, Jcr = 6.6
Hz), 11.8 (d, Je» = 3.4 Hz), 11.8 (d, Jcp = 1.2 Hz). *PNMR (162 MHz, CDCl;) §57.8. HRMS—
ESI (m/z): [M+H]" calced for C13H200,PS; 271.0916, found 271.0914.

9. General Procedure for One-pot Reaction

In a glovebox, to an oven-dried vial with a stirring bar was added 3CzCIIPN (2.63 mg, 0.004
mmol), redox-active ester 1a (98.9 mg, 0.4 mmol), phosphonite 2a (73.2 mg, 0.2 mmol), and
LiBF4 (37.5 mg, 0.4 mmol). Then, acetone (600 ul) was added to the reaction mixture. After
sealing the vial with parafilm, the reaction mixture was stirred and irradiated with a 34W blue

LED with UC reactor to keep the temperature at 20 °C (Figure S4-2). After 16 h, the solvent was
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removed under reduced pressure. To this vial, a solution of para-methoxyphenol 4a (74.5 mg, 0.6
mmol) and NaH (60% dispersion in Paraffin Liquid, 40.0 mg, 1.0 mmol), pre-reacted in THF (500
pL) at room temperature for 30 min, was added under a nitrogen atmosphere. After stirring at
room temperature for 2 h, the reaction mixture was quenched with sat. NH4«Cl aq. and extracted
three times with EtOAc. After volatiles were removed under reduced pressure, purification by
flash column chromatography on silica gel (Biotage Selekt, 95:5-40:60, hexane/EtOAc) gave
tert-alkylphosphophonates 5a (38.1 mg, 0.140 mmol, 70% isolated yield).

10. General Procedure for P-C Bond Formation

The reaction conditions for P-C bond formation between 3aa and alkenes (procedure H). In
a glovebox, to an oven-dried vial with a stirring bar was added Ir(ppy); (0.65 mg, 0.001 mmol),
3aa (39.4 mg, 0.1 mmol), and alkenes 6 (0.15 mmol). Then, DMA (1 mL) was added to the
reaction mixture. After sealing the vial with parafilm, the reaction mixture was stirred and
irradiated with a 34W blue LED with a cooling fan to keep the temperature around 40 °C (Figure
S4-4). After 16 h, water was added and extracted three times with AcOEt. After volatiles were
removed under reduced pressure, purification by flash column chromatography on silica gel gave

the P—C bond formation products 7.

The reaction conditions for P-C bond formation between 3aa and 6¢ (procedure I). In a
glovebox, to an oven-dried vial with a stirring bar was added Ir(ppy); (0.65 mg, 0.001 mmol),
3aa (39.4 mg, 0.1 mmol), 4-phenyl-1-butene (6¢) (22.5 uL, 0.15 mmol), and Hantzsch ester (50.7
mg, 0.2 mmol). Then, DMA (1 mL) was added to the reaction mixture. After sealing the vial with
parafilm, the reaction mixture was stirred and irradiated with a 34W blue LED with a cooling fan
to keep the temperature around 40 °C (Figure S4-4). After 16 h, water was added and extracted
three times with AcOEt. After volatiles were removed under reduced pressure, purification by

flash column chromatography on silica gel to give the P-C bond formation product 7c.

Figure S4-4. Light set-up
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11. Characterization Data for P-C Bond Formation Products
Ethyl tert-Butyl(4-methoxystyryl)phosphinate (7a)

Q
XP‘OEt

OMe

The reaction was carried out according to procedure H. The product 7a was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-40:60, hexane/AcOEt) (Figure 4-6;
22.6 mg, 0.080 mmol, 80% isolated yield). Pale yellow oil. IR (neat) 651, 767, 830, 941, 1036,
1173,1257,1307, 1511, 1604 cm™'. The ratio of E/Z (2.1:1) was determined by 'H NMR analysis.
'"H NMR (400 MHz, CDCl3) 67.99 (d, J = 8.8 Hz, 0.32 x 2H), 7.52-7.43 (m, 0.68 x 3H), 7.25
(dd, J=41.2, 15.2 Hz, 0.32 x 1H), 6.93-6.87 (m, 2H), 6.17 (dd, J = 20.8, 17.6 Hz, 0.68 x 1H),
5.57 (t,J=15.2 Hz, 0.32 x 1H), 4.11 (m, 1H), 3.95 (m, 1H), 3.84 (s, 0.68 x 3H), 3.82 (s, 0.32 x
3H), 1.33-1.24 (m, 3H), 1.20-1.15 (m, 9H). *C NMR (100.6 MHz, CDCl;) 5161.1, 160.5, 149.5,
149.5, 132.5, 129.2, 128.2 (d, Jc» = 7.0 Hz), 128.0 (d, Jcpr = 18.0 Hz), 114.2, 114.1 (d, Jcp =
111.6 Hz), 113.5, 111.4 (d, Jc—p = 117.6 Hz), 60.6 (d, Jc-p = 7.0 Hz), 60.3 (d, Jc—» = 7.2 Hz), 55.4,
55.2,33.3 (d, Jer = 102.6 Hz), 32.1 (d, Jcp = 103.6 Hz), 24.2, 24.2, 16.6 (d, Jc-» = 6.0 Hz), 16.5
(d, Jer = 6.8 Hz). *'P NMR (162 MHz, CDCl3) §50.7, 48.7. HRMS-ESI (m/z): [M+H]" calcd
for C1sH2403P; 283.1458, found 283.1459.

Ethyl ter+-Butyl(2-phenylallyl)phosphinate (7b)
)

KR

Ph
The reaction was carried out according to procedure H. The product 7b was purified by flash
column chromatography on silica gel (Biotage Selekt, 95:5-40:60, hexane/AcOEt) (Figure 4-6;
17.3 mg, 0.065 mmol, 65% isolated yield). Pale yellow oil. IR (neat) 701, 776, 823, 941, 1037,
1201, 1235, 1366, 1478, 2975 cm™'. '"H NMR (400 MHz, CDCl;) & 7.51 (d, J = 7.2 Hz, 2H),
7.36-7.32 (m, 2H), 7.28 (m, 1H), 5.55 (d, J=4.4 Hz, 1H), 5.39 (d, /J=4.4 Hz, 1H), 4.00 (m, 1H),
3.77 (m, 1H), 3.10-2.96 (m, 2H), 1.19 (d, J = 15.2 Hz, 9H), 1.08 (t, J = 7.2 Hz, 3H). *C NMR
(100.6 MHz, CDCl3) 6 141.2, 138.8 (d, Jcr = 10.8 Hz), 128.3, 127.6, 126.3, 117.3 (d, Jc»r = 8.0
Hz), 61.4 (d, Jc» = 7.0 Hz), 33.5 (d, Jc-p = 92.6 Hz), 31.1 (d, Jc—» = 78.4 Hz), 24.5, 16.6 (d, Jc»p
=5.0 Hz). *'P NMR (162 MHz, CDCl;) §57.7. HRMS—ESI (m/z): [M+H]" calcd for C5sH240,P;

267.1508, found 267.1506.
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Ethyl ter+-Butyl(4-phenylbutyl)phosphinate (7¢)

Q
XP\OEt
Ph

The reaction was carried out according to procedures I. The product 7¢ was purified by flash
column chromatography on silica gel (Biotage Selekt, 90:10-20:80, hexane/AcOEt) (Figure 4-6;
20.3 mg, 0.072 mmol, 72% isolated yield). Pale yellow oil. IR (neat) 698, 745, 826, 941, 1040,
1195, 1232, 1363, 1478, 2949 cm™'. "H NMR (400 MHz, CDCls) §7.30-7.26 (m, 2H), 7.20-7.16
(m, 3H), 4.07 (quint, J= 7.2 Hz, 2H), 2.64 (t, J = 7.2 Hz, 2H), 1.77-1.61 (m, 6H), 1.27 (t,J=7.2
Hz, 3H), 1.14 (d, J = 14.8 Hz, 9H). *C NMR (100.6 MHz, CDCl;) §142.0, 128.3, 128.3, 125.8,
60.8 (d, Jc—p = 6.0 Hz), 35.6, 33.0 (d, Jc-» = 91.6 Hz), 33.0 (d, Jc—» = 14.0 Hz), 24.5, 24.0 (d, Jc—p
=84.4 Hz), 21.4 (d, Je» = 5.0 Hz), 16.8 (d, Jc» = 5.0 Hz).*'P NMR (162 MHz, CDCl3) §62.7.
HRMS-ESI (m/z): [M+H]" caled for C16H50,P; 283.1821, found 283.1820.

12. Cyclic Voltammetry (CV) Measurements

CV measurements were carried out under nitrogen atmosphere in acetonitrile solutions with
0.1 M of tetrabutylammonium hexafluorophosphate (BusNPF4) as a supporting electrolyte.
Measurements were made with a glassy carbon electrode (area = 0.07 cm® ), an Ag/AgNO;
reference electrode, and a Pt wire counter electrode. The concentration of the sample solution was

fixed at 10 mM and the sweep rates were set to 100 mV/s.
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Figure S4-5. Cyclic voltammogramof 2a (oxidation wave)
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Figure S4-7. Cyclic voltammogram of 3aa

13. DFT Calculation

All the restricted and unrestricted density functional theory (DFT) calculations were performed
with the Gaussian 16 package.'” The method (U)wB97XD functional with the 6-31+G(d) basis
set with SMD model (acetone) was used for the geometry optimization and normal vibrational
mode analysis. The IRC calculations were performed for each transitions state to confirm the

transition state connecting the reaction pathway between the starting materials and the products.
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(U)ywB97XD/6-31+G(d)(SMD)

Georr Gibbs Gibbs AG
E (hartree)
(hartree) (hartree) (kcal/mol) (kcal/mol)

tert-Butyl

. -157.748690814 | 0.088370 | -157.660321 -98616.56232
radical
P-1 -954.783497037 | 0.238852 | -954.544645 | -597067.8664
P-1 + tert-

-695684.4287 0
Butyl radical
TS-1 -1112.53776579 | 0.349918 | -1112.187848 | -695673.7214 | 10.70731242
Int-1 -1112.55566300 | 0.349634 | -1112.206029 | -695685.0936 | 0.664906713
P-2 -1299.81607856 | 0.250487 | -1299.565591 | -812878.5371
P-2 + tert-
) -911495.0994 0

Butyl radical
TS-2 -1457.57268634 | 0.362999 | -1457.209688 | -911484.9513 | 10.14811524
Int-2 -1457.57580712 | 0.365406 | -1457.210401 | -911485.3973 | 9.702133602
tert-Butyl radical

9 2 d

2 a2

9 MJ
Minimum frequencies (cm ') = 127.5694 133.0187 136.7448
Charge = 0 Multiplicity = 2
C 0.00015100 0.00008400  -0.17027500
C -0.95056600 1.13906600 0.01714600
H -1.12913400 1.34694800 1.08824900
H -0.56491500 2.06760200  -0.42213900
H -1.93087800 0.92841300  -0.42849900
C 1.46197900 0.25348800 0.01715800
H 2.07315000  -0.54230700  -0.42682300
H 1.76902400 1.21014000  -0.42379700
H 1.73225900 0.29849200 1.08828200
C -0.51142200  -1.39257500 0.01711900
H 0.16384000  -2.13695200  -0.42312300
H -0.60823600  -1.64867800 1.08830000
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-1.50596700

-1.52404400

Minimum frequencies (cm ') = -23.7499

Charge = 1 Multiplicity = 1

Z z D@D I Tt o@D T©TOo@D D@D o@D oOoo0oooo®

0.21227100
-0.70624300
1.73632100
-0.35245400
-0.44584100
-1.71396800
-0.92530900
-0.04985200
-1.04321100
-2.15208400
-2.33221400
-3.03902500
-2.00233000
2.18820900
1.94923100
1.65707500
3.68414900
4.04324300
4.18958800
3.95461800
-0.05546900
-2.65865000
0.38021100
-1.64138100

0.60068600
1.77106600
0.79053100
-0.89599700
-2.94467200
-2.47515400
2.10136300
2.63723900
1.18033900
2.98091500
3.24402700
2.47168100
3.90494600
1.06043300
2.09955000
0.40803300
0.84731200
1.07007000
1.51840500
-0.18377100
-3.88468400
-2.92078400
-1.96752200
-1.21900900

210

-0.42733500

79.9873

1.28229600
0.63748600
0.76283000
0.26126600
-0.60308600
-0.52039700
-0.75407300
-1.12654200
-1.33574900
-0.84128800
-1.88880700
-0.45350300
-0.27441300
-0.58457000
-0.82272000
-1.28738300
-0.63635800
-1.64646500
0.06490000
-0.39172400
-0.96030200
-0.79024100
-0.10300100
0.02922800

98.2695



T oD T O - D = O

-
A

1

-2.83407900
-2.64487400
-3.12163900
-3.63463800
1.82707300
2.30558500
2.21915700
2.01272500

-0.41986300
0.26869300
0.13395100

-1.10349300

-2.15482900

-1.85029000

-1.57428400

-3.21402600

Minimum frequencies (cm ') = -163.6002
Charge = 1 Multiplicity =2

T DT o@D @D o@D @D @D o060 o

0.38303400
0.65145300
0.66843600
2.66971200
2.71635300
3.72382300
2.49539100
2.01046900
3.45857500
3.30034700
3.21132500
4.53498700
2.78696500
2.59331600
3.80763200
2.09581500

-0.04058000
-1.08631200
1.47776300
-0.32712200
-1.78620400
-2.04766800
-2.42802900
-2.02175100
0.05173800
1.09924200
-0.58386000
-0.07294300
0.63115000
1.66363500
0.59553400
0.37416400

211

0.30780500
1.12834400
-0.58753100
0.58912100
0.00112700
-0.93125900
0.83261900
0.17854300

40.8612

-0.43153700
0.78388000
0.07859800

-1.08004200

-1.44954700

-1.81031900

-0.59044500

-2.25476500
0.14572400
0.42324900
1.00193000

-0.05848500

-2.23571300
-1.92510200
-2.64813500
-3.04663900



T T DO @D T QZzZzID@D DD Q@D T©TO@D D@D OoO@D@Dooaoan

-1.54366400
-3.66740000
-3.58192300
0.00411800
0.37589800
-1.07746100
0.34099100
-0.13648800
-0.01254400
1.42292500
0.58720400
1.35025800
-0.39962500
0.83990900
0.81387600
1.82475200
0.08078200
-4.50592000
-4.32854200
-2.40384700
-2.26726700
-1.77063800
-0.75938100
-1.77736900
-2.42895500
-2.11564900
-2.05498800
-1.18124700
-2.93322200

-0.02172500
0.52615300
-0.82498800
-1.21817200
-0.43758800
-1.08633200
-2.58681100
-2.71484500
-3.37880900
-2.69380000
1.93113800
1.40874200
1.68668600
3.42142500
3.78071900
3.64830600
3.96122000
1.18931300
-1.58395000
1.00754300
-1.14546600
-2.51782700
-2.55870800
-2.90425800
-3.12316000
2.43732100
2.74247800
2.66135500
2.97039900

212

-0.33651700
-0.75289600
-0.78057700
2.06235800
2.73064800
1.94980400
2.61144500
3.58845800
1.94416600
2.73860600
1.44194200
2.02711000
1.85348400
1.46063100
2.49451900
1.04016600
0.88663200
-0.89735900
-0.95411800
-0.49189800
-0.53779100
-0.51743300
-0.92287400
0.50305200
-1.14019300
-0.40225100
0.64373500
-0.91218000
-0.88664500



Minimum frequencies (cm ') = 24.1792

Charge = 1 Multiplicity =2
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0.49872800
1.18979700
1.28369200
0.78307600
0.07538700
0.18834300
0.51248700

-0.99735400

2.28606800
2.80478000
2.75435700
242114200
0.14648700
0.63599000
0.25759900

-0.92435600
-1.13006200
-3.25418400
-3.30459100
1.41738200
2.30198100
0.55520000
1.64619600
1.85899300
0.76610800

-0.01814500
-1.36362600
1.27897300
-0.03318400
-1.27423000
-1.27190600
-2.20162100
-1.27055800
-0.07693600
0.79994400
-0.97801100
-0.08600700
1.24319000
2.14636800
1.22888800
1.30180700
0.04275400
0.79773400
-0.55266600
-1.75260200
-1.21534900
-1.45454800
-3.24428200
-3.54735900
-3.79185700

213

51.1539

-0.20068400
0.28097000
0.27020300
-2.01382600
-2.58081200
-3.67067400
-2.19771600
-2.35615900
-2.31998500
-1.92079700
-1.91238500
-3.40791900
-2.58694400
-2.20937400
-3.67687900
-2.36058900
0.47012100
0.19092800
0.19056500
1.66594300
2.01550500
2.26834300
1.69755200
2.72774800
1.34903200
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2.50312100
1.56335900
2.42189400
0.69731700
1.88324400
2.14156800
2.73832800
1.02941400
-4.04756800
-4.15021300
-1.94098500
-2.02393400
-1.71166200
-0.94953700
-1.36417100
-2.62089200
-1.52608600
-1.15323800
-0.74983900
-2.39354200

-3.51609300
1.64413000
1.05237800
1.39382000
3.11886300
3.39869300
3.34372500
3.72240500
1.52504500
-1.21843600
1.18975500
-1.04113500
-2.43871600
-2.78242300
-2.61152500
-3.01800000
2.55987900
2.70075400
2.85129600
3.20403400

Minimum frequencies (cm ') = 23.1089

Charge = 0 Multiplicity = 1

P

o
o
C

-0.64154800

-1.33244800
0.72188500
0.98787400

-2.37617600
-2.30477700
-1.51374000
-0.44572200

214

1.07375800
1.65194100
1.97764900
2.27060900
1.68851700
2.71486300
1.04384100
1.36883700
0.10821000
0.10817500
0.33947700
0.33889500
0.54891700
-0.15533200
1.57280100
0.38283300
0.55148000
1.57144600
-0.16094900
0.40101100

33.1471

-0.87966600

0.65371200
-0.68590200
0.24540100
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0.61218300
-1.76281000
-2.22384200
-2.82962900
-2.46745700
-3.70493500
-2.62669000
-3.33144200
-3.95162100
-4.19612000
-3.50378300
-4.63252600

2.49326700

3.32219400

3.05207500

4.69437500

2.89663100

4.42283600

2.41034300

5.24844300

5.33182700

4.84631900

6.31865000

0.31237700
-0.27409800

0.29817400
-0.87648600
-0.27525600
-0.31454600

0.75064200
-0.90232100
-1.33897000
-0.33261500
-1.38187000

-0.74823000
-1.29409900
-1.25888700
-0.79172100
-0.67935600

0.29246200

-1.24805100

0.38752200
0.87021500
0.68758900
0.83545300
1.71217500
-0.27584900
-0.54422400
0.21710000
-0.32253700
-0.93573300
0.44250100
0.42630700
0.17283100
-0.53890900
0.82388300
0.34493100
0.85261800
1.64872600
1.27883900
2.85779200
1.31348400
2.48015000
0.66104200
3.27327700
3.46554900
2.79971700
4.20995500

215

1.22778600
-1.51279900
0.73274200
1.88237100
-0.50834200
1.74804500
2.84543200
-0.65411500
0.50368600
2.63178000
-1.62667800
0.42713500
0.33020200
-0.75960800
1.51064000
-0.66689900
-1.67812200
1.60132300
2.36322900
0.51151200
-1.51956900
2.52608800
0.58162200
-0.15644100
0.82674400
-1.48529700
0.48735100
1.86080300
-1.82682400
-2.25570000
-0.84131300
1.25966700
-2.86488700
-1.11073600
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Minimum frequencies (cm ') = -183.2829

Charge = 0 Multiplicity =2
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-0.06619600
-0.76969900
0.79307400
1.78252300
1.16707300
1.93357900
0.36145000
0.77116700
2.17541100
2.51591700
1.35869500
3.01688000
2.77662300
3.06734000
3.68929900
2.38465400
0.66506500
0.43316100
-1.56437000
-1.98223600
-2.70573300
-2.42942600
-3.92105900
-2.33687900
-3.63016200

-1.82999000
-1.98404400
-0.44199700
-3.08224400
-4.44744800
-5.16094300
-4.44991700
-4.82313600
-2.40082800
-1.37412200
-2.39055700
-2.94911600
-2.94335900
-1.89833600
-3.50963700
-3.34032000
0.59020800
0.12969300
-1.21974000
-1.34582700
-1.13246800
-0.90608300
-0.44727700
-1.47925400
-0.23030700

216

13.0211

-0.91066400
0.61536500
-0.80647300
-0.01836500
0.13538400
0.47710400
0.87693300
-0.81507100
1.26533700
1.09526000
1.99307800
1.72024900
-1.14002700
-1.29174200
-0.89653900
-2.08322700
0.17947500
1.14525500
-1.54818800
0.69481400
1.85106300
-0.54922000
1.73040500
2.81081700
-0.67567300
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-4.37290400
-4.51398600
-3.96815200
-5.31579600
2.00772800
2.87167200
2.36816200
4.08068000
2.60214900
3.57470100
1.70036900
4.43511800
4.74816100
3.84538000
5.37890300
-0.44121300
-1.25205900
-0.64525800
-2.26389300
-1.10481600
-1.66085600
-0.02216800
-2.47292100
-2.89749300
-1.82075800
-3.26838300

-0.00409600
-0.25826700
0.12042500
0.52986600
1.28878000
1.38698600
1.87842600
2.06793400
0.92236100
2.56264500
1.79998300
2.65889400
2.13524100
3.01458200
3.18831500
1.57077300
2.08057200
1.98541600
2.99038000
1.74901900
2.88803200
1.58372500
3.39313000
3.37151700
3.19747300
4.09408100

217

0.48870600
2.61999500
-1.64501800
0.41906300
0.29253700
-0.79918400
1.50546500
-0.67674100
-1.74230400
1.62625700
2.36019600
0.53430600
-1.53127200
2.57629400
0.62810700
-0.16930000
0.84387900
-1.48594300
0.54653100
1.86868600
-1.78531200
-2.27949000
-0.76998600
1.34226000
-2.81437600
-1.00636500
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Minimum frequencies (cm ') = 14.0270

Charge = 0 Multiplicity =2
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0.25589500
1.08838200
-0.80904700
-0.94758800
-0.09325700
-0.73823600
0.65123800
0.42929300
-1.61641300
-2.22306000
-0.88754000
-2.28887900
-1.98549300
-2.58501600
-2.66752300
-1.51732300
-0.86462900
-0.58398100
1.63219100
2.21357000
2.98074800
2.51194900
4.08950600
2.72081900

1.81546700
1.73535500
0.58420800
3.22596700
4.47747500
5.32007300
4.34584500
4.75258000
2.79449200
1.89275800
2.61438000
3.59681600
3.43118500
2.52867700
4.24107800
3.71086000
-0.48285700
-0.09333200
0.94753300
0.95110100
0.61222600
0.51279400
-0.21310100
0.96714500

218

26.8070

-0.70833700
0.73828700
-0.72261100
-0.05066400
0.13836500
0.41909200
0.93008400
-0.78589900
1.25407200
1.11825000
2.04927700
1.58872100
-1.15260700
-1.31320100
-0.86370800
-2.10373900
0.23582500
1.21995100
-1.51384100
0.69899200
1.79440500
-0.59100600
1.57187000
2.78646400

41.4252
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3.61148400
4.39546400
4.71288100
3.83884400
5.25627900
-2.30173600
-3.20372800
-2.71704800
-4.50603100
-2.89026000
-4.01642000
-2.01791500
-4.91597600
-5.20151700
-4.32840500
-5.93172000
0.08947400
0.88196400
0.17448800
1.75965200
0.82787100
1.05602300
-0.43683000
1.85120100
2.38082300
1.12455600
2.54174400

-0.30277400
-0.66230500
-0.50494000
-0.65788900
-1.30676500
-0.96738300

-0.74154500
-1.68737900
-1.23188000

-0.17607900
-2.17780300

-1.86443900
-1.95116800

-1.04810900

-2.73312700

-2.33063900

-1.60580500
-2.19300100
-2.06617000
-3.22601300
-1.82772100
-3.09109500
-1.60663000

-3.67368500
-3.66840400
-3.43693100
-4.47163000

219

-0.81318800
0.28832600
2.41138000

-1.81298600
0.13600400

0.30345000

-0.73602700
1.42611200

-0.65255200

-1.60726900
1.50792100

2.24013300
0.46687300
-1.46666300
2.38787500
0.53093000

-0.13142000
0.85341700

-1.44628000
0.52976100
1.87580100

-1.77264200

-2.21762100

-0.78511500
1.30320600

-2.80020000

-1.04283100
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F—F N-~TOgRAINAX (NHC) IZLDHT7 AT e R, TATy, a7 BEHILH=
N NTZ8-7r R VAR =V ERIEDBFIZR I LTe, RS TIL, NHCE 7 VT & R
MOIERMT DT /7 — FMilBreslow H [E{AN Hoa-7 7 E B /LR =)L ~D—EBEINIE
Re7en, =/ T — MiBreslow R D 7 F LT VN O EFMEICE STV
T DT AN LRI XV T AT T S, RFETIE, TV RV KRE T A
ELTE ZMo-7TBET AT ARa- 7 BET I RE#EHA TS, A0 7iiEo 2 THIN
WIRFEA T AEYE RS- NN RN T — 2R ST A 2 ERHRETH B,

B AHOEERLR AT X DRI VAR B A IV za- s B IV R =L O i
PREETLT V% MEBOGRDBIFEIZE LTz, o2 BV R =V O—EFETIl K> TAEL
BTG IR, BT OHNVEERLT IR L. BEGT OB L L
BT 5. E D= AA MR TR IV TR A 7 ¥ 71 L4 5 (PRE: persistent
radical effect) 238 U, R VAR iR ORFMIRT VF VT VAN Ea-r b7
IWR=NVHEOEFMR T FILT D HNVOERK 7 a Ry 7Y o ITHREITT 5, A
FHETIE, B RO FE SRIEIAE D VAR L ita-T 2 VBN FR SN, 2T ILF%
VBRI T DM et R X VR LOGERATEETH o T,

o JEERENRL T O ViR AR ZEERE (RPC: radical-polar crossover) (2 &V 3 LT
TR I FH MR IG5 2 & TR Y VIR OF =4k T L VAL OGO B %S
IZAEh L7z, A RPC B TlX, N-AF ARV 7 =/ F 7Y (PTH) Hkd PTH
TN ITF A DEFMENGEE D, TbE, AR T, PTH 725 5 — kA5
WA A1 VAR B BA~D — B FBENC L 0 | PR Z R CHEBMRT IV LT D)L
ERFMIZPTH Z VAN AT H N ETDH, T O T PV PREICHK DX
BRI 70 Ay TV T 52T ANVRETFA U E MK TH DT F VALK
= LB T D, BE LI HVR D TF A EMIAE ZOoDT A F X T LAY R
BLOWBEREOES L= VR A7 VO RIHIZ XV | Michaelis-Arbuzov % 7 /L% L
EBOEHETT L, =T VX VR AR VY T AT VRN AR T 5, £7o. HBEIEF
EREEHAWS Z LT AMEFEEEEEAN LAY X7 VAT ROEGRIZH RS LT,
ZDOBERE =T VX IVR AR VY = AT VSRR DS A R R EE O 1A I
L. Bz e mERLOBIMICEN D Z EnHIfE S5,

BUE TEEMY CADRETHEA IF VY TLARASTA bERFERT A&
T, ZHEREBREREGET 27000 (VILEM O A BIEDBIRIZKRED Lz, K
FIETIX, 1) AHOCE LR EARIAE D VAR VBEFEREZH WA I XV U D
DR ARTA S OBREETLT VX WALKISIZ XD C(sp®)-P FEBTEAL. 2) SNP(V)Sis
XDV (V)Y ~TrETEAER,. & W) EEOBRBREEZRED, Csp’)P BEE
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BB NT, RARTA FRE~DOTALF LT IHLDOMIMI L > THEL LA
ART=ZNTDANFEERA I XYV U NEBRIKIC L AL EEZT D, ZOX
FEALNEIC L0 R T IR N T DIV N AIREE 72 D, AFIEICKD Y
VHLNIE RO E RO T IR I LR A T T E RS —FIZE AT
x| PERIETITER N EE 2 I R T L L U (VLA DRSS TTRE & 72 o 1=,

Pl kb, EH A T RE-CA SO LR Tl C K 5 7 ¥ v DR e R A 15
L7 DO T BSOS ORI LTz, TNHOTFEICE Y BEBEELHW
PN T P IIVEUG Z FEBE IR U 5Ek O S CIE g pk IR 8 2 e D i im0 1
B ERERTE D, ARG ST Lo T S Fsp® D@ \WHTiT272 7 X L AA— A DY,
B2 ORIIC &N D Z & 2 W 5,
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ABFTEDOBATIAR D FHITD & L0 AEE L L TEBRLNL LTOEY HIZELF
THEAQIYSZIAE L TRELR5 THRETHELZG Y £ L REEAZIRITL X
DS EHH L BT ET,

F o TR RO R ED & | AFTET RO R R ORI E D £ TS
K7D THRE WA THE £ LIERE —HHEERICR E#HWZ L ET,

T DO P EBNT TAREHILFEE ZE L, FELOFEORE SITHABN
TARMIIEZZATT D2 N TEE L, T, ESEHILH L LT ET,

MAT, AWIEZ BT 2 L THIREBE ., B2 THS £ Lok EABhE, UK
PR O MA NHEZSR ESIHFTEPH A N EE ST AW IERT O b ML EAEHFE
BICREHH L LT ET,

WFFEAETE G Tt & TREBHMERIZZRD L7z, AL b AR, /NEETFR, 52
BRSO LY AN L ET,

FBHOBEICREWT, AR AR, EiRT — 2 ORMRE BHEOBITIZHT
V%R0 % T TEW T TSRO 2« AEHEENITER ., BfmZE Lk
WHIER., FFREMRE TULATTER . RREEMIER, BAW M EENTERICEH#H L LT %
T Flo X BEEAREIET O T ) 2 TEE £ LI FREEIEET O R EHERER
RSB B SN = L E T,
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