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Figure 1. Structures of natural flavins
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a) HAT mechanisms
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Figure 2. a) HAT mechanisms catalyzed by flavin photocatlyst, b) flavin catalyzed photoreaction

on HAT mechanisms.
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Figure 3. a) HAT mechanisms catalyzed by flavin photocatlyst, b) flavin catalyzed

photoreaction on HAT mechanisms.
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Figure 1. Photoredox catalysis.



74 F b Ry 7 ZABEROESICIE—RIIIZ Ru(bpy)s® <2 Ir(ppy)s 72 £ DA HEA R SE R
LNTWVD 3, ZTHOIXEMBESHAL L Tbh, BEkBIZW TR — B FERE
BEB A D B HHC LY RUWhEHEGZ R0, REE2E L BB X OET T
x5, . IO OEEOBLIR TEMIIENL T OB FHEIC L) HECTEX 5720, Hix
RIEHIZHEMATE 5, 26 DOAKER IR
RO ML, 2 ETHE STV S
2 D7 M Ry 7 ZfRIS X 05

NTH DD, TS OfRIEED L4 8 I T 3AE

BEIETH D RuCIr 72 EOEB &R A Ru(bpy)s2* Ir(PPY)s
BT (Figure2). Figure 2. Structures of Ru(bpy)s;2" and Ir(ppy)s.

—J5C., Rl ATHE /R BRI DBLE D O A& 2h3 K WIS 5 A task% PC & LTHL
D, MPEBIMEF LN T 4 PV By 7 AROEREE A SN TS 4 ZRBIZHN
LD AROEHEIT B HESBSER LD bZMr O BEHETHLZORBITBMV KD =
EMTE D, AHOEBBEBEIC L BLETEN-OCWINE R & O E b 5 L
FIETE DM, ARSI T T & 2 BAEITH S, 2070, A
ARGV Ry 7 2D 38 TIE, BT R R TR 2 R T ARG ROBRENR R EN T
Wb,

U EOEZN LA TIE, REFALDZIN TV RN T TV TOREL Ry 7
A fRIEFERE DM A2 H Y & Uz, BARIICIE, BEICHE SR QWD AaiiYE L Ky 7 AR
JSIZT7 Z B aEA L, £ ORIGOEITEN L AL L Ky 7 ZIEMWEFHE L 72, €7
VERIZIE, AHERERICE DV EREINTWDT BT AT hrOXFRAFTT I/
BBS 7. P AT R L — e B ETD C—O0 Ny T RIS EBIOT LT E |
DOIFHE a-AF 27 I UG * BN LTz, KIS T 7 U FORKTIER (460

nm) [ZEHETHRLED (NICHIANCSBI119,465nm) #HW5Z & & Lz,



2. HREER
21. ETIRIBIZEIT ST EVHFORIRAEL Ky o RbEiE O FEE
211 TEFILTE P OORFEAF LT 2/ ERIE

fil i & D RFTA fAE T, 7E®F A7 R (1) & TEMPO DYV mu A X UESIRICEH#
FTCHEALED LA L7z 2 A, HOW 2 OEMAEMR LT (eq. 1), ML TH 5 RFTA
MR I2NFRTIERLS BUGSHET LRNWZ & D RFTA WAL L Ry 7 2 filliiRE 2 7

DI EBHLNLIRoTZ,

? RFTA (1 mol%) )\)\
)J\/U\ ' § O @
hv(LED, 465 nm, 1.1 W) N

1 CH20|2, N2
TEMPO (2.4 equiv)

2 (37%)
without RFTA: 0%

212, PYINLABRRL—+EREBELTEHC—OHhyTYVIRIE

fiki B> RFTA f74E F, XY b Y 74 R —h (3) & TEMPO O7 & b AR
IZCEFZ N THBLED XN Lz Z A, B 4 D4R A #EE LT (eq.2) . AT RFTA
JEAFAE T £ 72105 CHEAT L7 Z & 006 L RFTA WA L K v 7 A filERERE % FF >
ZEBHBMNERoT,

BF:K (I) RFTA (10 mol%)
3 + N O/N 2)
hv(LED, 465 nm, 1.1 W) ©/\

3 acetone, Ny, 20 h

TEMPO (2.5 equiv) 4 (91%)

no RFTA or no LED irradiation: 0%

213. PITERDASZRE a-AFL 72/ IERIE
il it & D> RFTA B L O M7 2 UF/E R, 3-7 ==, u,XF—) (5) & TEMPO O

MeCN JRiIFIZZEHE T CHA LED XRH L= 2 A, HEOY 6 AR ZEZR LTZ (eq.3), A



BOEIE RFTA FETRE B E 7213 CTHEAT L 72 2 & v RFTA BAESE L R > 7 A fil
BHSREZFF S Z E NI B T o T,
. RFTA (2 mol%)
CHO ? morpholine (20 mol%) [::I/\W/CHO
©N * AENJL o. @
5 hv(LED, 465 nm, 1.1 W) ;ffj
MeCN, Ny, 6 h
TEMPO (1.1 eq.) ° 2 6 (71%)

22. DS EVURFIZEBTILTE RO o-AFX 73 /bR
FEED 21088 L0, 7T S5 EEG LED BE FCTRMHEGEL Ry 7 Zfilllt s LT
ERTAZEDHENERST-OT, WRICTAVTE RO 0-FX 27 I AEKISEET VX

e LT 7 I E VS FORGEL Ry 7 2 filEHERE DM IZERL Y AT,

2.2.2. &t

BEA D SRk %E BB S D SM7 % 1To 72 (Table 1), RFTAfFEF, 7T B K5 &
TEMPO O7 & b= ULIEIRIZE R FCTHEG LED LS L7 & 2 A, 6 R IZ BB A58
T U T4%DICHETHRI 6 AT H 2 & AR L7z (entry 1) o ARG, JEHS  RFTA,
BT I OWTINERSGEICE RISHEIT LW I &6 RFTA 2AATfEL B
v 7 Afilit b U CHERE S5 Z L A3 o7 (entries 1-3), B ik 7 X UMl E 2 R AT L 7o AE
F. Smol% Wil TH D Z E Ny oT- (entries 1,4and 5), Fix OF T I v ERFL
oL TASIRT I UATHABRIRT I U RIS OS2 et L, FRZELAR D a2 Vs
B A\ SOG N R IICHES T35 2 & 399 o 7= (entries 1 and 6-9) . TEMPO X4 &4 A 150
L72& ZA BRI LEORET IV F—/VRSSH S, IR A3 A _E L 7= (entries 1 and 10),
WG CIET 2 b= b UL KU DMF 72 & O @A C RS A 3B LT L, 54K
YD 7 ma RV AP TIEIZE A EHEIT LR (entries 10-12) . FEEOPREEIL 0.1 M 23 i C

HY., TN EB IO T ORE CIERISIENME T 3% (entries 10, 13 and 14) ,
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Table 1. Optimization of reaction conditions. ?

RFTA (2 mol%)

©/\/CHO [ secondary amine (cat.)
+ N
hv (LED, 465 nm, 1.1 W)

solvent

TEMPO (2 eq.) 6
entry sec. amine (cat.) solvent conc. of 5/M  conv.’/ % yield / %°
1 OCNH (20) MeCN 0.1 100 71
2 - MeCN 0.1 0 0
3¢ OCNH (20) MeCN 0.1 8 0
4 OCNH 5) MeCN 0.1 100 74
5 OCNH 3) MeCN 0.1 100 63
6 CNH ®) MeCN 0.1 100 62
7 Proy Pr MeCN 0.1 86 59
H  (5)
8 T ) MeCN 0.1 51 27
9 Tl ) MeCN 0.1 23 0
104 OCNH ®) MeCN 0.1 100 80
114 OCNH ) DMF 0.1 100 79
124 OCNH ®) CHCI3 0.1 23 10
134 OCNH ®) MeCN 0.05 81 71
144 OCNH ®) MeCN 0.3 63 45

# All reactions of 3-phenylpropanal with TEMPO were carried out in the presence of RFTA (2 mol%) and secondary
amine catalyst in solvent (0.5 mL) under blue LED (465 nm, 1.1 W) irradiation and N> atmosphere at ambient
temperature for 6 h. b determined by 'H NMR measurement using 1,3,5-trimethoxybenzen as an internal standard.

¢ without LED or RFTA. ¢ 2 equiv of TEMPO was used.

11



223, AIRKL Ko RALEHERED LB

Ot (Table 1, entry 10) (29> TRAMEDOMRFI 41T > 7= (Figure 3), —fi%
1 7045 JE YAl Ru(bpy)s(PFe). 35 L VAR A S5 eosin Y 1T RFTA 233 L < @V NEMEZ 7R
L7, ZHUbDORERIT, RFTA OXRIERRBIZH T 2 mViETCEMICHKRT 52 H D TH D

LEZTND,

OAc

AcO »
¢ ‘OAc

»

Ac
(0]
b
NH

(0)
N N
'’
pg®
N
(0]
RFTA (*Ejeq = + 1.64 V) Ru(bpy)s? (*Ereq = + 0.77 V) eosin Y (*E,eq =+ 0.83 V)
100% conv., 80% yield 48% conv., 37% yield 39% conv., 24% yield

Figure 3. Comparison of photocatalytic activity.

2.2.4. EE#EAE

BN TS (Table 1, entry 10) (ZHE~>CT7 VT & KO H#iPHZ it L7~ (Table
2), 4-8 REHI CWT MO IE b RITHE S, IERITWTh b HRETH o7z, RUSKREH
1% o MLONRREEFE LR L CTEBY | SMERFEEOSWEE TIEE Y RWRISR#Z LEE L
7z (entries4-6), 7 = =/L7 & h T NAT & REHWHEICIERIK T2 HERE S 722 2
KT DBELIITA TR (entry 2), o (IO T VT v FTIIRISOETITMHE S
T, BFEHEIL & 72572 (entry 8), 7 /b— K@D 'HNMR IZEWTHIET D =) I V03 iEGER T
P a RO T AT e RTIREARY VEDTF I UEERBIEZ 5202 HIOD K

JEISEIT LR &Ry o Tz,
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Table 2. Substrate scope for a-oxyamination of aldehydes.?

9 S e )
R\'Rz) ' A(N)L hv(LED, 465 nm, 1.1 W) 3‘5
(0.1 M) (2 equiv) CHsCN. N
entry R! R? time/h yield®/%

1 Bn H 6 80 (77°%)
2 Ph H 4 52
3 Et H 4 71 (30°)
4 CH3(CH>)s H 8 78 (67°)
5 CH3(CHa)s H 8 70
6 iPr H 8 79 (78°)
7 Me Me 6 0

 All reactions of aldehyde (0.05 mmol) with TEMPO (0.10 mol) were carried out in the presence of
RFTA (2 mol%) and morpholine (5 mol%) in acetonitrile (0.5 mL) under blue LED (465 nm, 1.1 W)
irradiation and N2 atmosphere at ambient temperature. ® determined by 'H NMR measurement
using 1,3,5-trimethoxybenzen as an internal standard. € isolated yield.

2.2.5. RIGHEDARHA

7T e, BT X Al KOO oW E R GEITARBIS B ET L
MNZ L —HEBRERBIOT U NVEEHSOSBSANIEE LW 2 &b A&
Ru(bpy)s(PFe), Z ot filfl & 4~ % % LFEL T 288 CHEIT T 0 L B2 b D (Figure4), —F
2 U EEIEAIE LT RFTA @ Stern-Volmer 7' 12 > 225 4 RFTA L= I U To—%F
BEDSEZY 552 L aMER LTS,

o}

(Y e G :
N e

R

1+ +
hv _1_0r_1_

RFTA* OTEMP
L RFTA H20 N
H

= 4 °
AR N O g
RFTA™ R\/

Figure 4. Plausible mechanism of RFTA catalyzed a-oxyamination of aldehydes.
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2.2.6. MF O#KET
O E#E S (Table 1, entry 10) (Z9E > THAFIA ST KIE T B LA LT
(Table 3), Nal ZIRM L7556, BUSZVEMNN L35 2 L35k -7 (entries 1 and 2),
100 mol%33 & TY 5 mol% D i /7 TR DAREDR RS S 472 Z & 225, Nal [ZAREEAY I B R
TWHEEBEZLNDN, LV OWTI AR TH D, Sc(OTH3 ZHh LI=HEIC
E. RSP ESEIT LRV (entry 3), —EHEMBEOMEHE LTHMONLT VM FEU %
WINLT256 . BIMLRWRERREORER &2 o72 2 006 FEROGE L ORI —HE

HEFENBEG LT eWnWZ X300 5 (entry 4),

Table 3. Effect of additives on ai-oxyamination of 3-phenylpropanal.?

entry additive/mol% time/h conversion®/% yieldb/%
1 Nal (100) 2 100 81
2 Nal (5) 2 100 68
3 Sc(0Th)s (2) 4 0 0
4 anthracene (11) 6 100 78

2 All reactions of 3-phenylpropanal (0.05 mmol) with TEMPO (0.10 mol) were carried out in the presence of RFTA (2
mol%), morpholine (5 mol%) and additive in acetonitrile (0.5 mL) under blue LED (465 nm, 1.1 W) irradiation and N2
atmosphere at ambient temperature. ® determined by 'H NMR measurement using 1,3,5-trimethoxybenzen as an
internal standard.

Nal RINZ X 2 BOSEhERR_E OB 2 M3 2 << ISR OERR 21T 72, B
LED JEHS FIZd0 T Nal 38 KTV 20 mol% D RFTA # 7 & h= F U LTRSS,
UV/ivis 227 M VRIEIC X 0 3 L7= (Figure 5), & Ok 5. BRRIRGEIZ £ Nal H ko
B —2 (210,250 nm) DDLU Nal; & EZ B DHE—2 (290,360 nm) DHERAHERS
Snie, —MIC LI LBEIOTFETCTERT 720, BIWEEFEIIL THDLEEXD
No, UEORERNS, RFTA*O —BFRRLICE U RPRET D LA —EFR(EH L LT
B &, RFTA"RB L O F I " COWEFBEZMA LD 2 & TRISHDRL ETLTH

HEBERADBND,
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Figure 5. UV/vis spectra of conversion of Nal into Nals.

22.7. 70—RIE~DGMA

i (Table 1, entry 10) (296, ~A4 27 a7 7 X —%2HNT 70 —RTOT LT
B RO a-AF T I /LG %47 > 7= (Table 4), LED VHEE S O LE D Szl DH]
B S, BN SN DT E OV ERB W B D Z Lot
(entries 1 and 2), T RAIFMH] tR2 O Ex(ER O LITMEE S s, EEM R
TT L R VRIS & @EPVEIE T L7z (entry 3), £7-, WEOBEE ORI EZTT- 72
W3y FREFRRIZ 02 M OERAETHHR L SOSHEIT L7z (entries 2,4 and 5) . BUSHEE
DOEEr L L B AIER TER2We), SOMEZ MR L Ter U 2w
TIOH g% 55 —#k 7 X Ul & U THWERER, BOSITSER L B @R TR o
(entry 6), M TO Ny FRISE DI TIZ, 70 —FRTL Y @R E R DERNEH

i,
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Table 4. RFTA catalyzed o—oxyamination of 3-phenylpropanal using flow system.?

5 (0.2 M), TEMPO (2 equiv) V pL/min hv (465 nm LED x 16)

RFTA (2 mol%) in CH;CN ‘ﬁf ‘Jf ‘ﬁf

oot s masey oo un (HAONTENTNE

entry  LED power(W) V(uL/min)  MR!(min)  /&*(min) conv.’(%) yield®(%)

1 17 10 1.4 126 44 36
2 37 10 1.4 126 75 63
3 37 35 4.0 361 86° 59
44 37 10 1.4 126 21 8
5° 37 10 1.4 126 79 66
6 37 10 1.4 126 100 85

 All reactions of 3-phenylpropanal (0.1 M) with TEMPO (2 equiv) were carried out in the presence of RFTA (2 mol%)
and morpholine (5 mol%) in acetonitrile (0.5 mL) under blue LED (465 nm, 1.1 W) irradiation and N2 atmosphere at
ambient temperature. b determined by '"H NMR measurement using 1,3,5-trimethoxybenzen as an internal standard.
¢ include 6% of homoaldol product. 401Mof5 €06 Mof5 f pyrrolidine TfOH salt was used instead of

morpholine.

228 FINE_RTIUMEEZAVIAIFTAFLT I /RIS

77 ErAELE L Ky 7 AfifE RFTA EAR % 725 T V255 kT X O A5 HoH
WZROFX T I RIS EATO, AR OSBRI RER (ee) %M L7= (Figure 6),
AIFSYY %R (TaTe) BLOT v U 5% (TfandTg) OF kT I il CIXSLIR

BHWEMELS ., vl J—% (Thand7i) TIXTREED ee THDHZ E B0 o7,

16



RFTA (2 mol%)
chiral sec. amine (5 mol%) Ph/\./CHO

5 + TEMPO :
(0.1 M) (2 equiv) hv (465 nm, 1.1 W) OTEMP

MeCN, N, 33°C, 24 h

OTBDPS
O v O, v O
N N N N
).,t Ph )< Ph )<
N~ 'Bu N N
H H H

2 C02L|
7a (5%, 20% ee)  Tb (11%, -3% ee)  7¢ (12%, - 6% ee) 7d (52%, 0% ee) 7e (36%, 2% ee)
TMSO,
N N N Ph N Ph
H OH H NHTs H OTMS H OTMS
7F (24%, 2% ee) 79 (6%, 2% ee) 7h (40%, 62% ee) 7i (52%, 60% ee)

Figure 6. Flavin catalyzed asymmetric oxyamination with chiral secondly amine catalyst

L@ ee ZEMT D20, kb EWIKERMEZ 7R L7z Th ORIV TRFRG 2
iT-7= (Table5), BT MeCN 23 i Cdo V) | RN L CIISOG T Lgn 2 &
G3inotz (entries 1-4) o IR DK FIZPE - TRUGMEIFIK T L72AY, ee I3 L L7d o7

(entries 1, 5 and 6), HRSTEDFREERS 2h O &I ABRMEIZ B L2V 2 & 23Vrdo

7= (entries 7 and 8)
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Table 5. Optimization of reaction conditions

RFTA (2 mol%), Th (5 mol%)
pr CHO
5 + TEMPO :

(0.1 M) (2 equiv) hv (465 nm) OTEMP

entry solvent temp./°C LED/W 7h loading / mol% yield® / % ee® /%

1 MeCN 33 1.1 5 40 62
2 DMSO 33 1.1 5 26 20
3 CHCl3 33 1.1 5 0 -
4 toluene 33 1.1 5 0 -
5 MeCN 0 1.1 5 22 57
6 MeCN -28 1.1 5 8 58
7 MeCN 33 0.09 5 52 60
8 MeCN 33 1.1 20 45 59

# determined by 'H NMR measurement using 1,3,5-trimethoxybenzen as an internal standard. ® determined by

HPLC analysis (OD-H, 1 mL/min, Hex/IPA=98:2) after reduction of the formyl group.
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3. fham

T FRENTIAEDEY Ry 7 A TH D Z A BN Lz, BEEO AT
L Ry 7 2N 2 BT VRIS E L7 T B FOMBIEWATM L& 2 A, kD
BB A DM LA TR WARBETE M E 2R3 2 L 3o e, Flix OXFRERRNS 7
TZECFRARDEL Ky 7 At L UTHRET 2 2 L 2N L, o, T VK
JED 1O THLHAFTT I LIS TR, AN & D SOGDRE, <A 7 17 m—&

RF TNVE T I e IO D AF B~ DISHAARETH LD Z L2 RH LT,
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4. RERIF
General

NMR spectra were obtained on a JEOL JNM-ECX-400 spectrometer ('H, 400 MHz), a
JNM-ECA-400 spectrometer ('H, 400 MHz), or a JEOL JNM-ECA-500W spectrometer ('"H 500
MHz). The chemical shifts of 'H NMR signals are quoted relative to tetramethylsilane , acetone,
acetonitrile, dimethylsulfoxide, or trifluoroacedic acid. Visible light was obtained on a blue LED
(NICHIA NCSBI119, 465 nm, 1.1 W, [r=350mA). UV/vis absorption spectra were recorded on a
JASCO V-550 spectrometer. Emission spectra were obtained using a Hitachi F-7000 spectrometer.
High-resolution mass spectra were obtained on a Waters LCT Premier mass spectrometer, Elemental
analyses were carried out on a J-Science Lab JM10 micro recorder. Stainless steel (SUS316) Helix-
shaped micromixer with inner diameter of 200 um were manufactured by YMC.Teflon (PTFE)
microtube reactors with inner diameter of 500 um was purchased from YMC and GL Sciences.
Solutions were introduced to the flow microreactor system usingsyringe pumps, YSP-101,

equippedwith gastight syringes purchased from Hamilton Co.

Reaction apparatus
Irradiation of visible light was performed with a blue LED (NICHIA NCSB119, 465 nm,

1.1 W, IF=350 mA)

LED
NICHIA NCSB119
(465 nm, 1.1 W)

reaction mixture

power source
(/F=350 mA) 7
—J

2 1cm
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Methods
Preparation of riboflavintetraacetate (RFTA)

A suspension of riboflavin (1.020 g, 2.7 mmol) and acid anhydride (12 mL) in pyridine (12
mL) was heated at reflux. After 3 h, the resulting dark green solution was cooled to room temperature
and extracted with CH,Cl,. The organic phase was successively washed with 2N HCI (aq), sat.
NaHCO:s (aq), water, and brine. The organic extracts were dried over MgSO4 and concentrated under
reduced pressure. The resulting crude product was purified by recrystallization from MeOH-H,O
(19:5) to give the title compound (0.735 g, 50% yield): 'H-NMR (400 MHz, CDCl5, r.t.): d 8.46 (s, 1H,
NH), 8.04 (s, 1H, ArH), 7.57 (s, 1H, ArH), 7.27 (s, 1H, CH»), 5.70-5.64 (m, 1H, CH), 5.49-5.38 (m,
1H, CH), 5.30-4.75 (br, 2H, CH), 4.44 (dd, J=12.7, 2.7 Hz, 1H, CH), 4.24 (dd, J=12.7, 5.9 Hz, 1H,
CH), 2.57 (s, 3H, CHz3), 2.50 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.22 (s, 3H, CHz3), 2.08 (s, 3H, CH3),

1.76 (s, 3H, CHs).

General procedure for photocatalytic oxyamination of acetylacetone in NMR analysis

A test tube was charged with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (87 mg, 0.55 mmol),
RFTA (6.3 mg, 12 pumol) and CH>ClL, (2.5 mL). After acetylacetone (23 mg, 0.23 mmol) was
introduced, the reaction mixture was degassed by nitrogen bubbling. The reaction was carried out at
room temperature under nitrogen atmosphere and LED light irradiation (465 nm, 1.1 W, /7=350 mA,

distance of 1cm). The reaction was monitored periodically by '"H NMR spectrometer.

General procedure for photocatalytic C—O bond formation of borate in NMR analysis
A 5¢ NMR tube was charged with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (27 mg, 130
mmol), RFTA (0.8 mg, 5.0 mmol), potassium benzyltrifluoroborate (14 mg, 50 mmol), 1,3,5-

trimethoxybenzene (2.0 mg) as an internal standard, and acetone-ds (0.50 mL). The NMR tube was
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sealed and placed under nitrogen. The reaction was carried out at room temperature under LED light
irradiation (465 nm, 1.1 W, /7=350 mA, distance of 1cm). The reaction was monitored periodically by

"H NMR spectrometer.

General procedure for photocatalytic a-oxyamination of aldehydes in NMR analysis

A 5¢ NMR tube was charged with 2,2,6,6-tetramethylpiperidin-1-yl)oxyl, flavin catalyst,
1,3,5-trimethoxybenzene as an internal standard, and solvent (0.50 mL). After aldehyde and secondary
amine were introduced, the NMR tube was sealed and placed under nitrogen. The reaction was carried
out at room temperature under LED light irradiation (465 nm, 1.1 W, /r=350 mA, distance of 1cm).

The reaction was monitored periodically by 'H NMR spectrometer (relaxation delay: 15 s).

General procedure for photocatalytic a-oxyamination of aldehydes in flow system

A flow microreacter system consisting of a Helix-shaped micromixer (M1; ¢ = 200 mm),
microtube reacter (R1; inter diameter ¢ = 846 mm, length L = 400 cm), and two tubes (inter diameter
¢ = 846 mm, length L = 50 cm) was used. A mixture of 3-phenylpropanal (0.2 M), (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (2 equiv), 1,3,5-trimethoxybenzene (0.3 equiv), and
riboflavintetraacetate (0.02 equiv) in CH3CN and a solution of morpholine (5 mM) in CH3;CN were
introduced to M1 by syringe pumps. The resulting solution was passed through R1. After a steady state
was reached, the product solution (0.1 mL) was measured by 'H NMR spectrometer to monitored

reaction progress.
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HIZEV T AT e RO afL TV FIAULROERER SN L, ZORISIE, 74 R Ry
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ELTWD, FEM#ECTa-T UV VT2 aS—T N Fa T b3 e ERRAR INT
W5, F, 2009 FEICHEASICL Y =IO B BLERETHT LT E RO a-4F
U7 2 ARG A DSBRAFE S, BN T -7 A UL S, a-T L F =L S, o p-RIFEE
BERALEUR T DA STV D, & 51T, 2013 4225 MacMillan & 1372 > O—E 1R
BICEVAERT DT IV IV IAITF AL DO T a oAbzl 425 B-7 U —LEG
Soy-bB e hAakd B-7FE 0 B~ =y E UGS T AN TR ICEE L, 7

F MV Ry 7 A—x2F I UMBEROAMMITETE IS <otz

(0]
i FG O
_ Photoredox Enamine «
R/\)J\H Catalysis ZA\_Catalysis Rﬁ)\H Or R)ﬁ\/lLH
SN FG
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;\o

+<_COR
; o 1 FG= Y i
' excited //\ enamine . R N
1 \_photocatalyst (aldehyde + sec amine cat.) E r"'I rr‘_r
, : “CF,R “CHAr etc.

Figure 1. Photoredox/enamine dual catalysis.

UL s, ZUEDRISOEFICRIZOW Tifam L2 XTI T2 THY . £
DNFTNOETIES 0.1 Z FTRIZFERTHL 12, Zhid, v Ry 7 2—x2F I
SRRSO D BN HRAY R EATIZIFIRE ISR L CRBMRIO R 2 58 5 2 L 2R TR

T v, TENISHICHES THRRTEHRETH D, ZOFRKZKISHER)» OHERT 5
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&L RPTOEMMREDKRIICERTLLEAOND, WLV Ry 7 A—xF I 4k
bR, SR TR T O = X Ff L Fan O EhEDAE & O —E B &
LT B0, BUROIERMENEEZ D Z LN TE D (Figure 2, left), 20, ZhbHd
TEPERR 2 5 I < ICEEE T & D R 2 3R0E CTENEIBOS L0 2 RAIC#IT L, B&FINER

A LT 51X TCTh D (Figure 2, right) .

Separate catalyst system (previous work) ; integrated catalyst system (this work)

(o T |
o2 o &
\o . e‘@

Figure 2. Concept of a hybrid catalyst.
AWFFETIE, AL Ry 7 2 —xF I RS O BEFINEROm B2 BRI, 77 €
VOIS R T I UM AEA LT Y T B — T L A RMBE OB IZI Y MA TS, B
BRAETIZ7 F AR T I URERSND 2D, 778 —=F I UHTO

—ErBEMEE S, RIS ISHETT D Z ENBIFEND,
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2. HREER
2.1, AREHE

TNATE RO a-Ax 7 2 ALISIE 7 T 8 U At & 8 /T 3 il oo d R iV A
AL THD . WTNOME S VA TH L Z Do, £ TT7 IV I
BT IV AEA LT T e =T I CEARAE (FA) AR L. & OIS %
POSETUUE (= AT 201750/ BE L7750 FHid 5 2 & & Li-, AR C
X7 7 e T I VBRSNS, 778 —2F I UHTO—EFBE)
MEES L, RISV ET T2 Z L nBFFsh D (Figure 3),

BEMBEIX, B4 2 B2 OLAKATRER 10-2-7 2/ TF N)-3-AF LI 7T B
(NH-10EtF1) (27 X FfEG AT L TCY v — RO M7 I A EA L, GT 5,
BB IRT I ENLX, BT T B FIC BRSNS, TI=U A E L
TS %,

q& HN o amino group
- ;

NH,-10EtFI

Figure 3. Concept of flavin-amine integrated catalyst.

22. REBHBICEHINEIAFHOEE
221. TS ANTHOF/ A —3—DEK
FIBNT IF ) A—=F—=L L THbLND B 1 ZBEOERIEIZHEN 1B,

FeSO4-7TH,0 726 &2 & L7= (Scheme 1),
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KoCy0O, *

HNO H,C,0 2H O
FeSO, + 7TH,0 — > = Fe(OH); ——— — 27, I
H,O HZO
90 °C, 15 min 90 °C, 15 min
light-shielding

Scheme 1. Preparation of anhydrous potassiumferrioxalate.

222 BREHROER
1. 2. 3. 4, 5mL @ FeSO4 (0.4mM) & HaSO4 (50 mM) DIEEKEHIZ 50 mM
HoSO4 KRR &2 N Z N D% 10 mL 12 L7z, Z#uZ 0.1 w/v% phenanthroline 7K
@ (2mL) 35X 7100.54 M H,SO4 & 1.8 M CH3;COONa JEA/KIFHE (SmL) ZANz., 30 47fH
FiE L=, MUSIRIRE 2Nt 70 7 L, UViis 6t ERH 2 O TR 510 nm
DOWIRE 2 L, 24 LY Fe(phen)s O 253 25 W8 0O 1 B & 1ERL L 7=
(Figure 4) ,

16 -

14 y=0.0111x+ 0.045
RZ=0.9999

1.2

0.8 -
06 -

intensity / a.u.

04 -

0.2

0 T T T T T T 1
0 20 40 60 80 100 120 140

concentration of Fe(phen); / uM

Figure 4. A calibration graph (concentration of Fe(phen); vs intensity of absorption)

SE T SCZHEV 14 NMR &2 3 mM Ks[Fe(C204) 7Kg (0.5 mL) Az, No/X7 U

TEITWERFHLATICLIZbOE2 2 A AHE L, —HIZOALED X% 5 oA L, *
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NN JISTRIKIZ 0.1 w/v% phenanthroline /K (2 mL) L8 0.54 M H,S04 & 1.8 M
CH3;COONa & /KR (025 mL) Z A0 2 #OESAF T T 30 3 M #HE L7z (Scheme 2),
D, UVivis 0 IEEEE R 2 IO TR 510 nm OWRILTRAE 2 HI7E L, REfR L VLAY 2
DIREZROT-, HBONTRELY 1 FFEH 72 VIS RITHE S 5067503 1.01 X

10° <o EHHE L,

3 </ ;Z \>
0._0 hy —N =
Fe :Ii . 3K*
0”70 |4 -CO,

Scheme 2. The reaction of chemical actinometer under light irradiation.

2.3. EEMEDORE
231 7IEFLY) oh—H
HeD7 700 =TI VAN TERNT o4 %27 I LIS ZITV., ZO®ETILE
D> B EEVE 2 3548 L 7= (Figure 5), BEEIOD 7 F B0 — 7 2 444> F BnNH-10EtF1 % f Vv
WCRIEBETT 228D, 74 ML Ry 7 2l JOE k7 I & LT
BHET D Z B inoTe, L LR S, 5a 137 7 Bl & 55 8k 7 3 o filde % 0fF A
3 %% (MLF+E{NHBn) & bofe U CRETEMEI IRV, Sa (Z0ERUS T C Y v — D4 1
O THMBTEMEZ RS0 T a X Do~ BT 5 Z e olz, EDHRNG Z
DEMACITRSEREBREAR CET T2 LB 2, MO RIEEZE T v — 2K
L7 oer—=7 I 8807 (5b,5¢) ket Lz, 46 Ol TITRMELIC K D KIE
D S e b DO FREETEMEIIORRR & L TR E L TR, ZORRKRY v —0

RS O AR LD FERE N E S > TLEI ZLITH D EEZXBND,
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Ph/\(CHO
N catalysts (2 mol%)
o ~CHO 4 Oy,

3 hv (465 nm, 1.1 W), DMF, Ny, 6 h

TEMPO (2 eq.)

TFA- HN” “Ph

N N O
L\g /N \fo = \f
> N 7 NH
N ~N N
0 (6]

EtNHBn + MLF 5a
0, =
11%, ® = 0.05 4%, ® = 0.02

HNJ\(\’Y VFA
X, 1;

5b (n=5)
5%, ® =0.03

5c (n=11)
6%, ® = 0.04

Figure 5. Comparison of activity between separate catalyst system and integrated catalyst system.

232. RTIFRYyvHh—H

2.3.2.1. Bn-Ahx-Pro-10EtF| Q&5+ & gt 5514

23.1.OEERTY U —0&K S DD IIE 23 U, ARBER 1= o0 B2 Al BEs 28

THZENREINTE, ZRODOREEWZ L, X0 ESWEEZ R TESIAEE S LT

MDY A — % FEO 5d B FHEREO FETREE LTS,

FHEMEETIE, 5d EHEETH

A3-T7x=A7a VA TATEe R 3) I2kB3F I U IRKOBFBEEREICEBWNT, U

A—=DTF L AN T— 2 2l %, 71 U IVEALDS

y#— MR LB 2 LTS

YETTEUPELT D 2 ENTRENTZ, FEERICHMBISICAW S & 5d IZ0FHRICE

.

1ENTEWAETE M2~ L7z (Figure 6)
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catalysts (2 mol%)

3+ TEMPO (2eq.) 4
hv (465 nm, 1.1 W), DMF, Ny, 6 h

gauche conformation

Ph™N %(
Yturn
“N"ph %}W i ] —

S N B
flavin r/ng

+ j

l\‘l o) ‘ iA b0

v \f Ij[ \f d=4. i\ g

¢\ __-* enamine
hy O moiety

EtNHBn + MLF ! enamine form
11%, ® = 0.05 48%, (D 0.24 (5d + 3)

Figure 6. Comparison of activity between separate catalyst system and integrated catalyst system.

2.3.2.2. 5d $EZ A D AREIEE
mVEPE AR 5d OFRIA A AR L, AR 2 504l L7 (Figure 7). 25 k7 X /£
B XUV NVEEN S A TFVHATET LT Se BE N 6-7 X ~F W U REML 2RV - 5g Tl
FRBETEMEDME T L, o OREENRKETH DL Z L3 0hoTc, —H T, ProfZED C K
W7 X RE& 3ARICAETE L7z SF1%5d & RS OfBE A2 R L, SR TR LS TINKE
TG IIABHETEIC B LW 2 Lo Tz,

catalysts (2 mol%)

3+ TEMPO (2eq.) 4
hv (465 nm, 1.1 W), DMF, Ny, 6 h

R! 1_ 2_
N%N 5d (R'=Bn, R? = H) TFA. HN
A H 48%, ® = 0.24
0
R2-N N (0]

0 H
H 5e (R'=Me, R? = H) H
20%, ® = 0.09
N /NYO N /NYO
:@N/L(N\ 5f (R' = Bn, R% = Me) :@N/LTN\ 5g
o 57%, ® = 0.25 o 23%, ® = 0.10

Figure 7. Catalytic activity of Sd analogs.
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2.3.2.3. Bn-Ahx-Pro-10EtFI D &1k

DMF, CH;CN, DMSO B X O CHCL F CTENENGEITH I FER., S cbh

% DMF, CH;CN # X O DMSO H TII Ut #E1T L, BRI TdH 5 CHCL 2 TlE K
IS DHEITIZ A MR S 72> 7= (Figure 8),

Bn-Ahx-Pro10EtFI- TFA (2 mol%)
3 + TEMPO

2equiv.  hv(LED, 465 nm, 1.1 W), N,

80

70

60

. DMF

[ ]

yield / %

o DMSO

A A CHCls
0 4 8 12 16 20 24
time /h

Figure 8. Effect of solvent on catalytic activity of Bn-Ahx-Pro-10EtF1.

M9 2% LED Y DiRE 2 288 LS 21T - 7 (Figure 9), JEIREE DR FIZHE R D
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R CRUGHHEITT D Z &Ny ho T,
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Bn-Ahx-Pro-10EtFI-TFA (2 mol%)
3 + TEMPO

hv (LED, 465 nm, 1.1 W), DMF, N,
80
70 /__—o—f—'7‘
60
50

40

yield / %

30

20
03w

0.09W

10

0 5 10 15 20 25 30 35
time / h

Figure 9. Effect of light intensity on the a-oxyamiantion.
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0
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Figure 10. Photodegradation of isoalloxazine ring.
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2.3.2.4. 5d DOfhbEHEEE

5d DR R ZRABETEME L, U o U — O EE 2R M EME & ISR T 5 £ B X TS (Figure
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Figure 11. Explanation of catalytic performance of 5d

233. A+ HEEE
U ) — T 28 3 D A A Tl fIHDE L 7 XA —xF I il 2 £haR4{k,
TE 50, MEEOMBICIIZBREELE L T 570, EMMEICRIT S, AHTIE, 7€

A & AT X AN R TP TR AT DGR OBRFEICI D ALA T, BARRICIE
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NWIRFINIEEHT D7 T 5T EHE T I UM R THIERR S S Z & T, fif

OB Elbz R AT,

2331, 41 F UHEERESHEDEMS
ANVRFVNIEEETH 7T 5FEENFR) VEMAEDEDLRTEHE YT 2 /1L
B ZATUN, BSOS OFTHIFRIZ K 0 SIS M2 570 L7 (Figure 12), 7 7 B VAR U BE
6a (L, 77 B+ LF & Me-Pro-OH Z T % RICHANTEWAMGEE 2R Lz, Zh
FV 77T NO IR CEENRBEE OB EICH G5 Z LR oTe, 72, 6a
DIHNRF NI T AT NVINTER LT 6b & 7T B EBEDA I REMLEZ A F L LTz
6c TITMBIEMENE LR TT22 LD, TNOOFRENEETH DL Z L5 0-
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catalyst (2 mol%)

. / N\ CHO
6 o NH (2moi%) P
o~ CHO N — o,
hv (LED, 465 nm, 1.1 W)
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OH ;
OH N OR
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~ NH = NH = N 2
N N N R
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6b (R'= Me, R? = H): 9% yield
26% vyield 17% yield 6c (R'=H, R? = Me): 10% yield

Figure 12. Catalytic activity of flavin carboxylic acid with morpholine.
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I U OREFET A2 T o 72 (Table 1), 6a & X T D 0FHR TORISEIR DX, E/LRY
VOB B REL Y (entries 1 and2). B P TIEFEE (entries 2 and 3) . N- A
FNERT DTSN ER L L7- (entries4and 5), 221 H Y 6a DR R flftyG Mz

XL ERY O —FT VEMIDEEE L TWA Z NS ho Tz,

Table 1. Effect of secondary amine catalyst.

catalyst (2 mol%)

sec. amine (2 mol%) CHO
ph >CHO +  TEMPO Ph
(2equiv)  hv(LED, 465 nm, 1.1 W) OTEMP
N,, DMF, 1 h
entry sec. amine catalyst yield® / %
1 \ 6a 26
o NH
2 LF + Me-Pro-OH 17
3 6a 24
O
4 LF + Me-Pro-OH 20
5 I\ 6a 9
—N  NH
6 LF + Me-Pro-OH 19

2 determined by 1H NMR measurement using 1,3,5-trimethoxybenzen a an internal standard.

— T, BEIZENLRY VHEOZ S I UEHWAHEE T, 6a & AR TORISHEIC

FEixenTo (R2). XTI ALEISICEIT S 6a & LF OB LBEITCENRZETH A =

LWl
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/\ catalyst (2 mol%) o
<:>>N O + TEMPO (2)
/ 2 equiv hv(LED, 465 nm, 1.1 W) OTEMP
N5, DMF, 10 min

6a 1 16%
LF + Me-Pro-OH - 15%

UELOFRERED ., 6a L ENARY VEICBWHEERR S5 L EZ, KT TORERE
Ko7- (Figure 13), E/L7 YU > D DMSO-d6 IAHKIZ 6a % E L 'THNMR ZHIE L, E/L
RO C2HLOT v b DEF 7 hink Job’s 7' vy MERK L7z, ZOREFE, 6a L€/
BV AL L OBEWERRT D2 L3 ahoTc, £2, 6a &ENARY L OXEEERIT Ka
=B3M!THY, Me-Pro-OH L ENKRY VOZEEH Ka=44M"' LD b ENZ L0300

776

0.006
0.005
0.004 ]

0.003 =

Ad X Xy

0.002
0.001

0Om T ‘ u
0 01 02 03 04 05 06 07 08 09 1

X, ([morpholine)/[2a]+[morpholine])

Figure 13. Job’s plot.

6a DFHLERIEL Y FHEIZ L VRO A, Tl TR REETHY . =
F U UENLS I = 2 FE CREAL S ND Z &Ny 7- (Figure 14), 6a @ 'HNMR T
I IVR U BEKRFEDOE— 7 DERTE RN D, ZOFEEBRIIEEEN SV EE X
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turn structure

; N O
Y Bronsted acid j@[ - \(
“flavin ring moiety N NH
6a 0

DFT (B3LYP 6-31G*)
in vacuo

Figure 14. Lowest energy structure of 6a.
U EDORERMG, 6alXENLKRY L ERPFTRAEL, 77 EUHETHENICT T IR
TR SND T OEMEE S D EE 2 TWD (Figure 15), £7, 6a D72 U U EALD
ANVR=NVERFRITENRY & NH EKRBREZIER L, 4 X FNHIZEARY D0 LK

EREAERTAZET6a EENARY VN 111 DEEEEKT S, KIC. DERETEL

AUV R FIvEEMRL, BB 7712k — &5 Z & TG
?‘T‘j‘éo

CHO
Ph

OTEMP

Figure 15. Plausible reaction mechanism.
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3. faam

ARGV Ry 7 A & 5 TRk I Ui OMELZ FER O I B — T 2
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4. RERIF
General information

NMR spectra were recorded using JEOL INM-ECZ-400 ('H, 400 MHz) and JNM-ECA-
500W spectrometers ('H, 500 MHz, '3C, 126 MHz). Chemical shifts are reported in ppm using TMS
or the residual solvent peak as a reference. In the case of D,0, acetonitrile was used as a reference.
Elemental analyses were carried out on a J-Science Lab JM10 micro corder. UV spectra were recorded
on a HITACHI U-3000 spectrophotometer. IR spectra were recorded on a JASCO IR-460 spectrometer
with ATR unit. Steady-state emission and excitation spectra were recorded using a Hitachi F-7000
spectrometer. Melting points were measured on an AS ONE ATM-01. High resolution mass spectra
were recorded on a LCT Premier XE Mass Spectrometer. Visible light irradiations were performed
with a blue LED (NICHIA NCSB119T, 1= 465 nm) while cooling with a fan from the bottom. RFTA,"
MLF,> NH»-10-FIEt(N3H)-HCl,* 7.,8-dimethyl-10-(formylmethy)- isoalloxazine,® Me(Boc)-Ahx-
OH,* and anhydrous potassium ferrioxalate® were prepared according to the literature procedures.
Aldehydes including 3-phenylpropanal, butanal, isovaleraldehyde, and octanal were purified by
distillation before use. All other reagents were purchased from commercial supplies and used without

purification.

Optical properties of RFTA

The UV-Vis absorbance, emission, and excitation spectra of RFTA are shown below (green

curve: UV-Vis; red curve: emission, Acx = 465 nm; blue curve: excitation, Aem = 510 nm).
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Determination of the absolute number of photons by chemical actinometry

A 5¢ glass tube was charged with aqueous potassium ferrioxalate (3 mM, 0.5 mL) and
nitrogen gas and sealed with a cap, which was irradiated by LED light at room temperature (465 nm,
1.1 W (IrF=350 mA) or 0.09 W (/7=30 mA), distance of 1cm). After 5 min, the reaction mixture was
added to a mixture of aqueous phenanthroline (0.1 w/v%, 2 mL) and buffer (0.54 M H,SO4 and 1.8 M
AcONa, 0.25 mL), and then standing under light-shielding conditions for 30 min. The absolute number
of photons absorbed by the reaction system was determined to be 1.00 x 10" (1.1 W) and 1.00 x 10'8
(0.09 W) per an hour by UV/vis spectroscopy using a calibration curve, prepared in advance, labeled
with “concentration of Fe(phen);SO4” and “absorbance at 510 nm” for the X-axis and the Y-axis,

respectively (see below).
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Photographs of the reaction apparatus used for this study are shown below (light ON and OFF).

a-Oxyamination of aldehydes with TEMPO

General procedure for a-oxyamination of aldehydes with TEMPO

A 5¢ glass tube was charged with TEMPO (100 mmol), photoredox catalyst (1 mmol), 1,3,5-
trimethoxybenzene (17 mmol) as NMR internal standard, and solvent (0.50 mL). Aldehyde (50 mmol)
and morpholine (5 mmol) were added to the mixture, which was then deaerated by N> bubbling and
irradiated by LED visible light (465 nm, 1.1 or 0.09 W, 1 cm distance) at ambient temperature for a
defined reaction time. The reaction was evaluated by '"H NMR spectroscopy of the crude mixture with
reference to the published data of the a-oxyaminated product 2,” in which the yield of 2 was estimated
from the integration of peaks assignable to aryl protons of 1,3,5-trimethoxybenzene at 6.09 ppm and
that assignable to a proton of the aldehyde moiety at 9.79 ppm. The reaction yield was used for
determining the corresponding quantum yield F in the following manner (e.g. F = 0.80 in Figure 2 of

the main text).

the number of 2 formed

the number of photons absorbed by the reaction system

_ (50%x107° x 0.64 X 6.022 X 1023) /24
1.00 x1018

=0.80
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Preparation of flavin-amine hybrids
Preparation of NH>-10-FIEt-HC1
BocNH-10-FIEt

To the solution of NH»-10-FIEt(N3H)-HCI (1.39 g, 4.3 mmol) in MeOH (110 mL) was added
di-tert-butyl dicarbonate (1.03 g, 4.7 mmol) and Et;N (3.6 mL, 26 mmol). The mixture was stirred for
3 h at room temperature under light-shielding conditions, and then concentrated under reduced
pressure. The residue was dissolved in CHCl; (100 mL) and washed sequentially with water (30 mL
x 3), aqueous HCI (2 N, 30 mL x 3), and brine (30 mL). The organic phase was dried over MgS0O4 and
filtered and concentrated under reduced pressure to give an orange solid containing BocNH-10-
FIEt(N3H), which was used for the next reaction without further purification.
A mixture of BocNH-10-FIEt(N3H), iodomethane (3.4 mL, 52 mmol), and K>CO3 (0.985 g, 13.8
mmol) in DMF (35 mL) was stirred for 8 h at room temperature. After addition of H,O (600 mL), the
resulting precipitates were collected by filtration and dried under reduced pressure. The resulting crude
product was purified by short flash column chromatography on silica gel (5 cm height, CHCl;/MeOH
=100:1 = 20: 1) to afford BocNH-10-FIEt as a yellow solid (0.90 g, 53% yield in total). Analytical
data were in good agreement with the published data.®: "TH-NMR (400 MHz, CDCls, r.t.): d = 1.42 (s,
9H, C(CHas)3), 2.45 (s, 3H, F17-CHs), 2.57 (s, 3H, F18-CH3), 3.53 (s, 3H, NCH3), 3.64 (dt,J=6.8, 6.4
Hz, 2H, CH>NH), 4.86 (t, J= 6.8 Hz, 2H, CH,CH,NH), 5.05 (t, /= 6.4 Hz, 1H, NH), 7.90 (s, 1H, F19-

H), 8.07 (s, 1H, Fl6-H).

NH;-10-FIEt-HCl
To a solution of BocNH-10-FIEt (0.903 g, 2.3 mmol) in CHCl; (24 mL) was added 4 N
HCVACOEt (24 mL) dropwise manner. The resulting mixture was stirred for 5 h at room temperature

under light-shielding conditions. After addition of Et;O (100 mL), the resulting precipitate was
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collected by filtration and washed with CHCIs and Et,0 to afford NH»-10-FIEt-HCI as a brown solid
(0.704 g, 93% yield). Analytical data were in good agreement with the published data.®: "TH-NMR (400
MHz, DMSO-ds, 25 °C): d = 2.41 (s, 3H, FI8-CHs), 2.52 (s, 3H, F17-CHs), 3.20 (t, J = 6.5 Hz, 2H,
CH,CH;NH3"), 3.29 (s, 3H, NCH3), 4.89 (t, J = 6.5 Hz, |H, CH,NH3"), 7.75-7.92 (br, 3H, NH3"),

7.91 (s, 1H, FI9-H), 8.00 (s, 1H, F16-H).

Preparation of MeNH-10-FIEt-HCI
BocNMe-10-FIEt

To the mixture of 7,8-dimethyl-10-(formylmethy)isoalloxazine (1.20 g, 4.2 mmol), MeNH;
(40% in MeOH, 25 g, 551 mmol), and acetic acid (1.6 mL, 28 mmol) in MeOH (100 mL) was added
NaBH3;CN (2.84 g, 45 mmol) dropwise manner at 0 °C. The mixture was stirred for 48 h at room
temperature under light-shielding conditions, and then concentrated under reduced pressure to give an
orange solid containing MeNH-10-FIEt- AcOH, which was used for the next reaction without further
purification.
To a mixture of MeNH-10-FIEt-AcOH in MeOH (48 mL) was added di-tert-butyl dicarbonate (8.43
g, 38.1 mol) and Et;N (7.4 mL, 31.4 mmol). The mixture was stirred for 12 h at room temperature
under light-shielding conditions, and then concentrated under reduced pressure. The residue was
dissolved in CHCI3 (100 mL) and washed sequentially with water (30 mL X 3), aqueous HCI (0.5 N,
30 mL x 3), and brine. The organic phase was dried over MgSO4 and filtered and concentrated under
reduced pressure to give a yellow solid containing BocNMe-10-FIEt(N3H), which was used for the
next reaction without further purification.
A mixture of BocNMe-10-FIEt(N3H), iodomethane (2 mL, 32 mmol), and K>CO3 (0.94 g, 6.8 mmol)
in DMF (60 mL) was stirred for 8 h at room temperature. After addition of H>O (240 mL), the resulting

mixture was extracted with CHCI3 (30 mL x 3). The combined organic phases were washed
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sequentially with water (50 mL x 3), aqueous HCI (0.5 N, 50 mL x 3), and brine, and then dried over
MgSO0s, filtered, and concentrated under reduced pressure to give BocNMe-10-FIEt as a yellow solid
(0.28 g, 16% yield in total): 'H NMR (500 MHz, CDCls, 25 °C): Major conformer (Mj): d = 1.36 (s,
9H, C(CHs)3) , 2.44 (s, 3H, FI8-CHs), 2.55 (s, 3H, F17-CH3), 2.90 (s, 3H, F13-CH3), 3.52 (s, 3H,
CONCH,), 3.72 (t, J = 6.5 Hz, 2H, F110-CH.CH>), 4.89 (t, J = 6.4 Hz, 2H, F110-CH>), 7.81 (s, 1H,
FI9-H), 8.04 (s, 1H, F16-H): Minor conformer (Mn): 1.20 (s, 9H, C(CHz)3), 2.44 (s, 3H, FI8-CH3),
2.54 (s, 3H, F17-CHs), 2.90 (s, 3H, NCH3), 3.52 (s, 3H, CONCH»), 3.79 (t, J = 5.0 Hz, 2H, F110-
CH,CHo), 4.86 (t, , J = 5.0 Hz, 2H, F110-CH), 7.42 (s, 1H, F19-H), 8.06 (s, 1H, Fl16-H); 3C NMR
(126 MHz, CDCls, 25 °C) d = 19.4 (F17-CHs, F18-CHs, Mj), 21.6 (F17-CHs, FI8-CH3, Mn), 28.1
(C(CH3)3, Mn), 28.2 (C(CH3)3, Mj), 28.7 (F13-CH3, Mj and Mn), 36.1 (BocNCH3, Mj and Mn), 42.7
(F110-CHz, Mj and Mn), 46.2 (F110-CH>CHz, Mj), 46.4 (F110-CH2CHz, Mn), 80.0 (C(CHs);, Mj),
80.1 (C(CH3)3, Mn), 114.7 (FIC®, Mn), 115.6 (FIC®, Mj), 131.6 (FIC%, Mj and Mn), 132.4 (FIC%, Mj),
132.7 (FIC®, Mn), 134.9 (FIC’, Mj and Mn), 135.2 (FIC?, Mj and Mn), 136.6 (FIC*, Mj and Mn),
148.0 (FIC*, Mj and Mn), 148.7 (FIC!% Mj and Mn), 155.9 (FIC*, Mj and Mn), 156.1 (OCON, Mj
and Mn), 160.1 ppm (FIC2, Mj and Mn); IR (ATR): n = 2993, 2969, 2930, 1658, 1583, 1546, 1452,
1421, 1391, 1364, 1293, 1259, 1232, 1186, 1152, 1123, 1042, 1018, 971 cm!; Elemental analysis:

calculated for C21H27Ns504 : C 61.00; H 6.58; N 16.94, found: C 60.82; H 6.94; N 16.94.

MeNH-10-FIEt-HCI

To a solution of BocNMe-10-FIEt (0.200 g, 0.48 mmol) in CHCI; (5 mL) was added 4 N
HCI/1,4-dioxane (5 mL) dropwise manner. The resulting mixture was stirred for 5 h at room
temperature under light-shielding conditions. After addition of Et;O (20 mL), the resulting precipitate
was collected by filtration and washed with CHCl; and Et;O to afford MeNH-10-FIEt-HCl as a brown

solid (0.151 g, 90% yield): '"H NMR (500 MHz, D,0, 25 °C) d = 2.30 (s, 3H, F18-CHs), 2.48 (s, 3H,
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F17-CHs), 2.76 (s, 3H, NHCHj), 3.21 (s, 3H, FI3-CH), 3.56 (t, 2H, J = 6.2 Hz, F110-CH,CH,), 3.56
(t, 2H, J = 6.2 Hz, FI10-CH,), 7.51 (s, 1H, F19-H), 7.63 ppm (s, 1H, F16-H); '°*C NMR (126 MHz,
D,0, 25°C) d = 19.3 (F17-CHs), 21.5 (FI8-CHs), 29.2 (FI3-CHs), 34.3 (NHCH:), 42.2 (F110-CH,CH,),
47.1 (F110-CH,), 116.1 (FIC®), 131.0 (FICY), 131.4 (FIC®), 133.8 (FIC7), 135.0 (FIC®), 140.3 (FIC®),
149.2 (FIC*), 152.4 (FIC!%%), 157.9 (FIC*), 161.1 ppm (FIC2); IR (ATR): n = 3395, 3024, 2957, 2923,
2728, 1644, 1536, 1447, 1349, 1277, 1240, 1192, 1017, 973 cm'; MS (ESI-MS): m/z calculated for

C16H20N502 [M + H]+ 314.1617, found 314.1592.

Typical procedure for the amidation of NH>-10-FIEt-HCI with N-Boc protected peptide

To a mixture of NH»-10-FIEt-HCI (1 equiv) and an N-Boc protected peptide (1.2 equiv) in
dry DMF (0.03 M) were added DPPA (2.6 equiv) and Et3N (4.2 equiv) at 0 °C, and then the solution
was stirred at room temperature under light-shielding conditions. After completion of the reaction,
water was added to quench DPPA. The resulting mixture was extracted with CHCls. The combined
organic layer was washed sequentially with aqueous NaOH (1 N), aqueous HCI (0.5 N), and brine.
The resulting crude product was purified by flash column chromatography on silica gel to afford the

corresponding N-Boc protected flavin—amine hybrid.

Typical procedure for deprotection of N-Boc protected flavin—amine hybrid

To a solution of an N-Boc protected flavin—amine hybrid (1 equiv) in CHCl; (0.04 M) was
added TFA (86 equiv) at 0 °C, and the resulting mixture was stirred at room temperature under light-
shielding conditions. After completion of the reaction, Et,O was added. The resulting precipitate was
collected by filtration and washed with Et;O to afford the corresponding flavin—amine hybrid TFA salt.
Preparation of 3a

BnNH-10-FIEt-AcOH (3a) was prepared from 7,8-dimethyl-10-(formylmethy)-
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isoalloxazine (1.50 g, 5.3 mmol) according to the literature® (1.66 g, 72%, yellow solid). Analytical
data were in good agreement with the literature: "H NMR (500 MHz, DMSO-ds, 25 °C) d = 1.91 (s,
3H, CH3CO»), 2.40 (s, 3H, F18-CH3), 2.92 (br, 2H, F110-CH>CH>), 3.78 (br, 2H, F110-CH>), 4.71 (br,

2H, PhCHs), 7.15-7.34 (m, SH, ArH), 7.82 (s, 1H, FI9-F), 7.89 (s, 1H, FI6-H), 11.30 (s, 1H, FI3-H).

Preparation of 3b
Bn-Ahx-OH

A suspension of 6-aminohexanoic acid (0.603 g, 4.6 mmol) in MeOH (25 mL) was treated
with freshly crushed NaOH (220 mg, 5.6 mmol). After the suspension appeared homogeneous,
benzaldehyde (0.56 mL, 5.6 mmol) was added and the solution was stirred for 2 h at room temperature.
The reaction mixture was cooled by ice-bath, and NaBH4 (200 mg, 5.3 mmol) was added carefully,
which was allowed to room temperature and then stirred for an additional 15 h. The solution was
adjusted to pH 6 with aqueous HCI (conc.), and the solvent was removed under reduced pressure.
After addition of acetone (50 mL), the resulting suspension was sonicated. The precipitate was
collected by filtration and washing with water and acetone to give Bn-Ahx-OH as a white solid (0.713
g, 70%): '"H NMR (500 MHz, CD30H, 25 °C) d = 1.42 (t, J = 7.5, 8.1 Hz, 2H, AhxH?) , 1.63 (tt, J =
7.5 Hz, 2H, AhxHP®), 1.75 (tt, J= 7.5, 8.1 Hz, 2H, AhxHY), 2.27 (t, J= 7.5 Hz, 2H, AhxH?), 3.04 (dt, J
= 8.1 Hz, 2H, AhxH®), 4.20 (s, 2H, PhCH>), 7.41-7.48 (m, 3H, ArH"** and ArHP*"?), 7.52—7.56 ppm
(m, 3H, ArH""?); 3C NMR (126 MHz, CD3OH, 25 °C) d = 26.0 (AhxC¢), 26.9 (AhxCP), 27.3 (AhxCY),
36.2 (AhxC?), 48.6 (PhCH>), 52.4 (AhxC®), 130.4 (ArC™?), 130.7 (ArCP*?), 131.2 (ArC™*), 132.9
(ArC"?°) 179.3 ppm (AhxCO>H); IR (ATR): n = 3329, 2933, 2766, 2590, 2455, 2361, 1709, 1393,
1254, 1206, 749, 695 cm!; MS (ESI-MS): m/z calculated for C13H0NO, [M + H]" 222.1494, found

222.1498.
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Bn(Boc)-Ahx-OH

To a mixture of 6-(benzylamino)hexanoic acid (3.00 g, 13.6 mmol) in THF (400 mL) and
aqueous NaOH (2 N, 27 mL) was added di-tert-butyl dicarbonate (3.27 g, 15.0 mmol). The reaction
mixture was stirred at room temperature for 1 h. After the solvent was removed under reduced pressure,
the resulting residue was dissolved in EtOAc (50 mL) and washed sequentially with aqueous HC1 (0.5
N, 30 mL x 3), aqueous NaHCOs3 (1 N, 30 mL x 3), and brine (30 mL). The organic phase was dried
over MgSQOs, filtered, and concentrated under reduced pressure to give Bn(Boc)-Ahx-OH as a
colorless oil (2.85 g, 65%): 'H NMR (500 MHz, CDCls, 25 °C) d = 1.29 (br, 2H, AhxH® , 1.40-1.55
(m, 11H, C(CHs)s and AhxHP), 1.61 (m, 2H, AhxHY), 2.31 (t, J = 7.8 Hz, 2H, AhxH?), 3.07-3.27 (br,
2H, AhxH®), 4.37-4.48 (br, 2H, ArCH>), 7.18-7.27 (m, 3H, ArH"* and ArH?*“), 7.28-7.34 (m, 3H,
ArH"™°), 9.24 (br, 1H, AhxCO,H); *C NMR (126 MHz, CDCl;, 25 °C) d = 24.3 (AhxC¥), 26.2
(AhxCP), 27.5 and 27.7 (AhxCY), 28.4 (C(CHs)s), 33.9 (AhxC?), 46.2 and 46.4 (AhxC*), 49.8 and 50.5
(PhCHy), 79.7 (C(CH3)3), 127.0 (ArC®'™), 127.6 (ArCP*), 128.4 (ArC™%), 138.4 and 138.6 (ArC?*)
155.7 and 156.1 (NCO5), 179.4 ppm (AhxCO,H); IR (ATR): n = 3192, 2973, 2932, 2862, 1691, 1415,
1366, 1246, 1155, 872, 731, 699 cm™'; Elemental analysis: calculated for C1sH27NO4 : C 67.26; H 8.47;

N 4.36, found: C 67.02; H 8.30; N 4.32.

Bn(Boc)-Ahx-NH-10-FIEt

Bn(Boc)-Ahx-NH-10-FIEt was prepared from NH»-10-FIEt-HCI (100 mg, 0.31 mmol)
according to the above typical procedure for amidation (176 mg, 94%, yellow solid): '"H NMR (500
MHz, CDCl3, 25 °C): Major conformer: d = 1.27 (br, 2H, AhxH¢®), 1.41 (br, 11H, C(CHs); and AhxH?),
1.61 (tt, J= 7.8, 7.4 Hz 2H, AhxHP®), 2.19 (t, J= 7.8 Hz, 2H, AhxH?), 2.43 (s, 3H, FI8-CH3), 2.58 (s,
3H, F17-CH3), 3.18 (br, 2H, AhxH°®), 3.40 (s, 3H, FI3-CH3), 3.74 (dt, J = 7.0, 5.9 Hz, 2H, F110-

CH,CH>), 4.39 (br, 2H, PhCH>), 4.84 (t, /= 7.0 Hz, 2H, F110-CH>), 6.77 (br, 1H, AhxCONH), 7.17—
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7.27 (m, 3H, ArH"* and ArHP*"?), 7.28-7.34 (m, 3H, ArH*"°), 7.93 (s, 1H, F19-H), 7.96 (s, 1H, Fl6-
H); Minor conformer: d = 1.27 (br, 2H, AhxH®), 1.41 (br, 11H, C(CH;); and AhxHY), 1.61 (tt,J=7.8,
7.4 Hz 2H, AhxHP), 2.19 (t, J = 7.8 Hz, 2H, AhxH?), 2.43 (s, 3H, FI8-CH3), 2.58 (s, 3H, F17-CH3),
3.12 (br, 2H, AhxH®), 3.40 (s, 3H, F13-CH3), 3.74 (dt, J = 7.0, 5.9 Hz, 2H, F110-CH.CH>), 4.42 (br,
2H, PhCH>), 4.84 (t, J=7.0 Hz, 2H, F110-CH>), 6.72 (br, 1H, AhxCONH), 7.17-7.27 (m, 3H, ArH"**
and ArHP¥?), 7.28-7.34 (m, 3H, ArH>"°), 7.93 (s, 1H, F19-H), 7.96 (s, 1H, F16-H); *C NMR (126
MHz, CDCls, 25 °C) d = 19.4 (F18-CH3), 21.6 (F17-CH3), 25.1 (AhxCP), 26.4 (AhxC?), 27.4 (AhxCY),
28.4 (C(CH3)3), 28.6 (F13-CH3), 36.2 (AhxC?), 36.8 (F110-CH2CH>), 43.4 (F110-CH>), 46.3 (AhxC®),
50.4 (PhCHz>), 79.6 (C(CH3)s), 115.9 (FIC?), 127.0 (ArC™?), 127.5 (ArCP9), 128.4 (ArC™*“), 131.3
(FIC%%), 132.1 (FIC®), 134.8 (FIC7), 135.0 (FIC?®), 137.0 (ArC?*), 138.5 (FIC®), 148.5 (FIC*), 155.6
(FIC*), 155.8 (NCO»), 156.0 (FIC'%%), 159.8 (FIC?), 174.5 (AhxCONH); IR (ATR): n = 3299, 2969,
2930, 2857, 1685, 1636, 1581, 1539, 1455, 1415, 1362, 1230, 1202, 1153, 1016, 971, 948, 880, 806,
769, 730, 694, 669 cm™'; Elemental analysis: calculated for C33H42NeOs : C 65.76; H 7.94; N 13.94,

found: C 65.56; H 7.00; N 13.80.

Bn-Ahx-NH-10-FIEt TFA salt (3b)

Bn-Ahx-NH-10-FIEt TFA salt was prepared from Bn(Boc)-Ahx-NH-10-FIEt (52 mg, 0.09
mmol) according to the above typical procedure for deprotection (50 mg, 94% yield, yellow solid): 'H
NMR (500 MHz, DMSO-ds, 25 °C) d = 1.12 (quin, J = 7.6 Hz, 2H, AhxH?), 1.31 (quin, J = 7.6 Hz,
2H, AhxHP), 1.53 (tt, J = 7.6 and 7.8 Hz, 2H, AhxHY), 1.91 (t, J = 7.6 Hz, 2H, AhxH?), 2.38 (s, 3H,
FI8-CHs), 2.48 (s, 3H, F17-CH3), 2.86 (t, J= 7.8 Hz, 2H, AhxH®), 3.27 (s, 3H, F13-CH3), 3.48 (dt, J =
6.5 and 6.0 Hz, 2H, F110-CH,CH>), 4.13 (s, 2H, PhCH>), 4.65 (t, J = 6.5 Hz, F110-CH>), 7.39-7.50
(m, 5H, ArH), 7.89 (s, 1H, F19-H), 7.90 (s, 1H, F16-H), 8.09 (t,J= 6.0 Hz, 1H, CONH), 8.88 ppm (br,

2H, NH,"); '*C NMR (126 MHz, DMSO-ds, 25 °C) d = 18.8 (FI8-CHs), 20.8 (F17-CHs), 24.4 (AhxCb),
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25.3 (AhxC?), 25.7 (AhxCY), 28.1 (F13-CH3), 35.0 (AhxC?), 35.6 (F110-CH>CH>), 43.4 (F110-CH>),
46.5 (AhxC®), 50.1 (PhCH,), 116.3 (FIC%), 128.8 (ArCo™), 129.1 (ArCr?), 129.9 (ArC™),
131.0/131.2 (FIC%* and ArC"*°), 132.1 (FIC®), 134.1 (FIC®), 135.9 (FIC7), 146.7 (FIC*), 148.9 (FIC!%),
155.2 (FIC3?), 158.1 (FIC*), 159.7 (FIC?), 172.9 ppm (CONH); IR (ATR): n = 3293, 3040, 2952, 2860,
1707, 1633, 1578, 1538, 1457, 1428, 1393, 1350, 1312, 1281, 1257, 1229, 1200, 1176, 1128, 1015,
946, 888, 833, 799, 770, 752, 719, 697 cm’!; Elemental analysis: calculated for C3oH3sF3NeOs : C

58.43; H 5.72; N 13.63, found: C 58.20; H 5.70; N 13.59; M.p. 222 °C (decomp.).

Preparation of 3¢
Bn(Boc)-Ahx-Pro-OMe

To a mixture of Bn(Boc)-Ahx-OH (0.78 g, 3.2 mmol), EDC-HCI (0.92 g, 4.8 mmol), and
DMAP (0.59 g, 4.8 mmol) in dry CH2Cl, (12 mL) were added H-Pro-OMe-HCI (0.80 g, 4.8 mmol)
and Et;N (1.4 mL, 4.8 mmol). The reaction mixture was stirred at room temperature for 24 h. After
the solvent was removed under reduced pressure, the residue was dissolved in EtOAc (20 mL x 3).
The resulting mixture was washed with aqueous HCI (0.5 N, 20 mL x 4), aqueous NaHCO3 (satu., 20
mL x 2), and brine. The resulting crude product was purified by silicagel column chromatography
(AcOEt / hexane =2 : 1 - EtOAc 100%) to give Bn(Boc)-Ahx-Pro-OMe as a colorless oil (0.98 g,
70% yield): "H NMR (400 MHz, CDCls, 25 °C): Major conformer: 6 = 1.21-1.35 (br, 2H, AhxH?),
1.38-1.57 (m, 11H, C(CH3); and AhxHY), 1.65 (tt, J = 7.7, 7.5 Hz, 2H, AhxH¢), 1.93-2.02 (m, 2H,
ProH® and ProH®), 2.02-2.11 (m, 1H, ProH"), 2.11-2.21 (m, 1H, ProH?), 2.22-2.34 (m, 2H,
AhxH?), 3.04-3.26 (m, 2H, AhxH®), 3.43-3.52 (m, 1H, ProH¢Y), 3.57-3.66 (m, 1H, ProH%), 3.71 (s,
3H, ProCO,CH3), 4.35-4.45 (m, 2H, PhCH>), 4.47 (dd, J= 8.7, 5.0 Hz, 1H, ProH?), 7.18-7.28 (m, 3H,
ArH™ and ArHP*?), 7.28-7.34 ppm (m, 2H, ArH"); Minor conformer: § = 1.21-1.35 (br, 2H,

AhxH?), 1.38-1.57 (m, 11H, C(CH3); and AhxHP), 1.65 (tt, J = 7.7, 7.5 Hz, 2H, AhxH¢), 1.85-1.93
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(m,2H, ProH® and ProHY), 2.02-2.11 (m, 1H, ProH"),2.11-2.21 (m, 1H, ProH¢),2.22-2.34 (m,
2H, AhxH?), 3.04-3.26 (m, 2H, AhxH¢), 3.52-3.57 (m, 1H, ProH?), 3.57-3.66 (m, 1H, ProH%), 3.74
(s, 3H, ProCO,CHs), 4.35-4.45 (m, 2H, PhCHb), 4.47 (dd, J= 8.7, 5.0 Hz, 1H, ProH?), 7.18-7.28 (m,
3H, ArH"" and ArHP*?), 7.28-7.34 ppm (m, 2H, ArH*"°); 3C NMR (126 MHz, CDCls, 25 °C) d =
24.2 (ProC®), 24.8 (AhxCP), 26.5 (AhxC¥), 27.7 (ProC®), 28.0 (ProC"), 28.4 (C(CHs)s), 29.1 (AhxC9),
34.2 (AhxC?), 46.2 (AhxC®), 46.5 (AhxC"), 46.9 (CO,CHs), 49.8 (ProC¢), 50.4 (ProC%), 52.1 (PhCH),
58.5 (ProC?), 79.50 (C(CHs)s), 127.0 (ArC”™), 127.6 (ArCP), 128.4 (ArC"9), 138.5 (ArC»),
155.5 (NCO,), 171.7 (ProCO), 172.9 ppm (AhxCON); IR (ATR): 7 = 2972, 2933, 2868, 1744, 1686,
1646, 1452, 1415, 1364, 1245, 1197, 1156, 1120, 880, 733, 700 cm’!; Elemental analysis: calculated

for C24H36N20s : C 66.64; H 8.39; N 6.48, found: C 66.56; H 8.30; N 6.44.

Bn(Boc)-Ahx-Pro-OH

To a solution of Bn(Boc)-Ahx-Pro-OMe (0.77 g, 1.8 mmol) in water (4.4 ml) and MeOH
(14 ml) was added LiOH-H»O (0.15 g, 5.4 mmol). The reaction was stirred for 6 h at room temperature.
After the solvent was removed under reduced pressure, the mixture was adjusted to pH 2 with aqueous
HCI1 (0.5 N). The resulting mixture was extracted with Et,O (20 mL x 3). The combined organic layers
were dried over MgSQs, and concentrated under reduced pressure to give Bn(Boc)-Ahx-Pro-OH as a
colorless oil (0.66 g, 89% yield): '"H NMR (400 MHz, CDCls, 25 °C) : Major conformer: & = 1.23—
1.36 (br, 2H, AhxH®), 1.36-1.57 (m, 11H, C(CH3)3 and AhxHP), 1.65 (tt, J= 7.5, 7.0 Hz, 2H, AhxHY),
1.96-2.09 (m, 3H, ProHe and ProH"), 2.31 (t, J= 7.5 Hz, 2H, Ahx?), 2.35-2.41 (m, 1H, ProH"), 3.06—
3.28 (m, 2H, AhxH¢), 3.40-3.49 (m, 2H, ProH¢?), 3.53-3.60 (m, 2H, ProH"), 4.37-4.47 (m, 2H, PhCH>),
4.55-4.60 (m, 1H, ProH?), 7.18-7.28 (m, 3H, ArH"*" and ArHP“%), 7.28-7.35 (m, 2H, ArH>""), 8.14
ppm (br, 1H, ProCO,H); Minor conformer: 6 = 1.15-1.25 (br, 2H, AhxH¢®), 1.36-1.57 (m, 11H,

C(CH3); and AhxHP), 1.65 (tt, J = 7.5, 7.0 Hz, 2H, AhxH¢), 1.82-1,93 (m, 1H, ProH"), 1.95-2.05 (m,
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1H, ProH®), 2.08-2.27 (m, 2H, ProH®), 2.31 (t, J = 7.5 Hz, 2H, Ahx?), 3.06-3.28 (m, 2H, AhxH®),
3.50-3.60 (m, 1H, ProH¢Y), 3.63-3.75 (m, 1H, ProH?), 4.35-4.40 (m, 2H, PhCH>), 4.55-4.60 (m, 1H,
ProH?), 7.18-7.28 (m, 3H, ArH"* and ArHP*“), 7.28-7.35 (m, 2H, ArH”"°), 8.14 ppm (br, 1H,
ProCOH); *C NMR (126 MHz, CDCl3, 25 °C) d = 24.2 (ProC?), 24.7 (AhxCP), 26.4 (AhxC?), 27.6
(ProCb), 27.9 (AhxC?), 28.4 (C(CH3)3), 34.2 (AhxC?), 46.3 (AhxC®), 46.4 (AhxC¥), 47.7 (PhCH,),
49.8 (ProCY), 50.5 (ProC?), 59.7 (ProC?), 79.6 (C(CHs)3), 127.0 (ArCo™°), 127.6 (ArCr*), 128.4
(ArC™), 138.6 (ArC?°), 155.7 (NCO»), 172.7 (ProCO), 174.6 ppm (AhxCON); IR (ATR): n = 3178,
2973, 2932, 2870, 1735, 1685, 1646, 1604, 1453, 1415, 1365, 1310, 1244, 1155, 1121, 877, 733, 700
cm’!; Elemental analysis: calculated for C23H34N2Os : C 66.00; H 8.19; N 6.69, found: C 65.76; H

8.41; N 6.67.

Bn(Boc)-Ahx-Pro-NH-10-FIEt

Bn(Boc)-Ahx-Pro-NH-10-FIFI was prepared from NH>-10-FIEt-HCI (100 mg, 0.31 mmol)
according to the above typical procedure for amidation (134 mg, 62%, yellow solid): '"H NMR (500
MHz, CDCls, 25 °C): Major conformer: d =; 1.27 (br, 2H, AhxH¢), 1.35-1.65 (m, 13H, C(CH3)3,
AhxH® and AhxHY), 1.84-1.93 (m, 1H, ProH®), 1.93-2.01 (m, 2H, ProH®), 2.23 (t, J = 7.6 Hz, 2H,
AhxH?), 2.25-2.33 (m, 1H, ProH"), 2.43 (s, 3H, FI18-CH3) , 2.56 (s, 3H, F17-CH3), 3.07-3.25 (m, 2H,
AhxH®), 3.38 (dd, J = 8.0 and 8.5 Hz, 1H, F110-CH.CH?), 3.48 (m, 1H, F110-CH,CHP), 3.49 (s, 3H,
F13-CH3), 3.65-3.80 (m, 2H, ProHY), 4.36-4.47 (m, 3H, PhCH; and ProH?), 4.74 (dt, J = 7.2 and 8.0
Hz, 1H, F110-CH?), 4.92 (dt, J = 7.2 and 8.0 Hz, 1H, F110-CHP), 7.17-7.27 (m, 3H, ArH™" and
ArHP?) 7.26-7.34 (m, 2H, ArH"°), 7.48 (br, 1H, CONH), 7.88 (s, 1H, FI9H), 8.02 ppm (s, 1H,
F16H); Minor conformer: d =; 1.14 (br, 2H, AhxH®), 1.35-1.65 (m, 13H, C(CHs)3, AhxH" and AhxH¢),
1.84-1.93 (m, 1H, ProH"), 1.93-2.01 (m, 2H, ProH®), 2.23 (t, J= 7.6 Hz, 2H, AhxH?), 2.25-2.33 (m,

1H, ProH"), 2.43 (s, 3H, FI8-CHs) , 2.59 (s, 3H, F17-CHz), 3.07-3.25 (m, 2H, AhxH¢), 3.38 (dd, J =
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8.0 and 8.5 Hz, 1H, F110-CH,CH?), 3.48 (m, 1H, F110-CH,CHP), 3.48 (s, 3H, FI3-CHs), 3.65-3.80 (m,
2H, ProH¢), 4.36-4.47 (m, 3H, PhCH, and ProH?), 4.74 (dt, J = 7.2 and 8.0 Hz, 1H, F110-CEF), 4.92
(dt, J= 7.2 and 8.0 Hz, 1H, F110-CHP), 7.17-7.27 (m, 3H, ArH"* and ArHP), 7.26-7.34 (m, 2H,
ArHo"°) 7.48 (br, 1H, CONH), 7.92 (s, 1H, FI9H), 8.04 ppm (s, 1H, FI6H); 3C NMR (126 MHz,
CDCl;, 25 °C) d = 19.4 (FI8-CHs), 21.6 (FI7-CH3), 24.1 (AhxCP), 24.9 (ProC®), 26.5 (AhxC®), 27.7
(AhxC4), 28.0 (ProC®), 28.4 (C(CHs)3), 28.7 (F13-CHs), 34.3 (AhxC®), 36.7 (ProCd), 43.1 (F110-CHy,),
46.5 (AhxC¥), 47.4 (F13-CH,CH,), 50.4 (PhCH,), 59.8 (ProC?), 79.5 (C(CHa)s), 115.8 (FIC?), 127.0
(ArCo™), 127.6 (ArCP?), 128.4 (ArC"), 131.2 (FIC®), 132.4 (FIC%), 134.9 (FIC7), 135.4 (FIC®),
136.7 (ArC), 138.5 (FIC%), 148.1 (FIC*), 148.7 (FIC!%), 155.6 (FIC*), 156.1 (NCO,), 160.0 (FIC?),
172.9 (CONH), 173.2 (AhxCON); IR (ATR): n = 3296, 2969, 2933, 2871, 1963, 1644, 1583, 1542,
1523, 1458, 1413, 1232, 1151, 882, 805, 766, 729, 695, 669 cm’'; MS (ESI-MS): m/z calculated for

CisHs50N70s [M + H]* 700.3823, found 700.3854.

Bn-Ahx-Pro-NH-10-FIEt TFA salt (3¢)

Bn-Ahx-Pro-NH-10-FIEt TFA salt was prepared from Bn(Boc)-Ahx-Pro-NH-10-FIEt (47
mg, 0.07 mmol) according to the above typical procedure for deprotection (22 mg, 46%, yellow solid):
"HNMR (500 MHz, CDCl3, 25 °C): Major conformer (Mj): d = 1.44—1.54 (m, 2H, ProH® and AhxH?),
1.54-1.66 (m, 1H, AhxH?), 1.73-1.85 (m, 1H, AhxHP®), 1.85-1.96 (m, 2H, AhxH" and ProH?), 1.98—
2.09 (m, 2H, AhxH¢ and ProHY), 2.10-2.19 (m, 1H, ProH®), 2.20-2.32 (m, 1H, AhxH?), 2.45 (s, 3H,
FI8-CH3), 2.43-2.51 (m, 1H, AhxH®), 2.61 (s, 3H, F17-CH3), 3.00-3.12 (m, 1H, AhxH®), 3.22-3.32
(m, 1H, AhxH®), 3.35-3.45 (m, 2H, F110-CH,CH and ProH?), 3.48 (s, 3H, F13-CH3), 3.67-3.80 (m,
2H, F110-CH2CH and ProH?), 4.00-4.08 (m, 1H, PhCH>), 4.34-4.40 (m, 1H, ProH?), 4.40-4.47 (m,
1H, PhCH>), 4.51-4.61 (m, 1H, F110-CH>), 4.77-4.90 (m, 1H, F110-CH>), 7.22-7.35 (m, 3H, ArH"*"

and ArHP), 7.45-7.49 (m, 2H, ArH>"°), 8.05 (s, 1H, F19-H), 8.14 (t, 1H, J = 5.2 Hz, CONH), 8.20
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(s, 1H, F16-H), 9.30 (br, 1H, NH>"), 10.65 (br, 1H, NH,"); Minor conformer (Mn): d = 1.44-1.54 (m,
2H, ProH# and AhxH®), 1.54-1.66 (m, 1H, AhxH¢), 1.73-1.85 (m, 1H, AhxH"), 1.85-1.96 (m, 2H,
AhxH® and ProH®), 1.98-2.09 (m, 2H, AhxH¢ and ProH"), 2.10-2.19 (m, 1H, ProH"), 2.20-2.32 (m,
1H, AhxH?), 2.46 (s, 3H, FI8-CHs), 2.43-2.51 (m, 1H, AhxH®), 2.61 (s, 3H, F17-CH3), 3.00-3.12 (m,
1H, AhxH®), 3.22-3.32 (m, 1H, AhxH*), 3.35-3.45 (m, 2H, F110-CH,CH and ProH®), 3.48 (s, 3H, F13-
CHs), 3.52-3.66 (m, 2H, F110-CH,CH and ProH?), 4.22-4.27 (m, 1H, PhCH>), 4.34-4.40 (m, 1H,
ProH?), 4.40—4.47 (m, lH, PhCH>), 4.51-4.61 (m, 1H, F110-CH>), 4.90-4.99 (m, 1H, F110-CH>), 7.22—
7.35 (m, 3H, ArH"" and ArHP“?), 7.54-7.79 (m, 2H, ArH*"), 8.04 (s, 1H, F19-H), 8.20 (s, 1H, Fl6-
H),9.01 (t, 1H, J= 4.9 Hz, CONH), 9.65 (br, 1H, NH>"), 9.95 (br, 1H, NH,"); *C NMR (126 MHz,
CDCl3, 25 °C) d = 19.5 (F18-CH3), 21.7 (F17-CH3), 22.9 (ProC?), 24.5 (AhxC?), 24.8 (AhxCP), 25.3
(AhxCY), 28.7 (F13-CH3), 29.4 (ProCP®), 32.3 (AhxC?), 36.0 (F110-CH>CHb>), 42.8 (F110-CHz), 46.7
(AhxC®), 47.2 (AhxCY), 50.9 (PhCH,), 61.2 (ProC?), 116.5 (FIC®), 128.8 (ArC™"), 129.2 (ArCr?),
130.0 (ArC”"°), 131.0/131.1 (FIC®* and ArC*), 132.2 (FIC®), 134.7 (FIC®), 135.4 (FIC7), 137.8
(FIC39), 148.3 (FIC*), 149.5 (FIC'%), 157.8 (FIC*#), 160.0 (F1C?), 172.1 (ProCO), 174.1 ppm (AhxCO);
IR (ATR): n = 3445, 3048, 2952, 2868, 1646, 1582, 1542, 1456, 1352, 1315, 1276, 1231, 1199, 1173,

1125, 1039, 1020, 975, 828, 798, 769, 753, 719, 697 cm’'; M.p. 131 °C.

Preparation of 3d
Me(Boc)-Ahx-Pro-OMe

To a mixture of Me(Boc)-Ahx-OH (1.18 g, 4.8 mmol), EDC-HCI (1.21 g, 7.2 mmol), and
DMAP (0.77 g, 7.2 mmol) in dry CH>Cl, (15 mL) were added H-Pro-OMe-HCI (1.04 g, 7.2 mmol)
and Et;N (0.9 mL, 7.2 mmol). The reaction mixture was stirred at room temperature for 24 h. The
resulting mixture was washed with aqueous HCI (0.5 N, 20 mL x 4), aqueous NaHCO3 (satu., 20 mL

x 2), and brine. The resulting crude product was purified by silica gel column chromatography (AcOEt
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/ hexane = 3 : 2) to give Me(Boc)-Ahx-Pro-OMe as a colorless oil (1.06 g, 64% yield): '"H NMR (500
MHz, CDCl3, 25 °C): Major conformer: 6 = 1.25-1.36 (m, 2H, AhxH¢®), 1.45 (br, 9H, C(CHz)3),
1.49-1.58 (m, 2H, AhxHP), 1.64-1.72 (m, 2H, AhxH¢), 1.95-2.03 (m, 1H, ProH®), 2.03-2.12 (m, 1H,
ProHb), 2.12-2.22 (m, 1H, ProH?), 2.25-2.39 (m, 3H, AhxH? and ProH"), 2.83 (s, 3H, NCH3), 3.19
(br, 2H, AhxH?®), 3.46-3.54 (m, 1H, ProH?), 3.61-3.66 (m, 1H, ProH®), 3.72 (s, 3H, ProCO>CH?3), 4.48
ppm (dd, J=3.9 and 8.8 Hz, 1H, ProH?); Minor conformer: 6 = 1.25-1.36 (m, 2H, AhxH¢), 1.45 (br,
9H, C(CHs)3), 1.49-1.58 (m, 2H, AhxHP), 1.64-1.72 (m, 2H, AhxH?), 1.87-1.94 (m, 1H, ProH¢), 2.03—
2.12 (m, 1H, ProH®), 2.12-2.22 (m, 1H, ProH?), 2.25-2.39 (m, 3H, AhxH? and ProH), 2.83 (s, 3H,
NCHs), 3.19 (br, 2H, AhxH°®), 3.46-3.54 (m, 1H, ProHY), 3.61-3.66 (m, 1H, ProH®), 3.76 (s, 3H,
ProCO,CHj3), 4.40 ppm (dd, J = 8.8 and 3.9 Hz, 1H, ProH?); 3C NMR (126 MHz, CDsOH, 25 °C) d
= 24.2 (AhxCY), 24.7 (ProC®), 26.4 (AhxC?), 27.7 (AhxCP), 28.4 (C(CH3)3), 29.1 (ProCb), 34.0
(BocNCH3), 34.2 (AhxC?), 46.9 (ProCY), 48.6 (AhxC®), 52.1 (ProCO,CHs), 58.5 (ProC?), 79.0
(C(CHa3)3), 155.7 (NCOy), 171.7 (ProCO), 172.9 ppm (AhxCON); IR (ATR): n = 2974, 2932, 2871,
1745, 1688, 1647, 1422, 1395, 1364, 1197, 1162, 1090, 1048, 879, 771 ¢cm™'; Elemental analysis:

calculated for C1sH32N20s : C 60.65; H 9.05; N 7.86, found: C 60.65; H 8.83; N 7.67.

Me(Boc)-Ahx-Pro-OH

To a solution of Me(Boc)-Ahx-Pro-OMe (0.63 g, 1.8 mmol) in water (5 ml) and MeOH (15
ml) was added LiOH-H,O (0.17 g, 4.2 mmol). The reaction mixture was stirred for 6 h at room
temperature. After the solvent was removed under reduced pressure, the mixture was adjusted to pH 2
with aqueous HCI (0.5 N). The resulting mixture was extracted with Et,O (20 mL X 3). The combined
organic layers were dried over MgSQs, and concentrated under reduced pressure to give Me(Boc)-
Ahx-Pro-OH as a colorless oil (0.58 g, 95% yield): 'H NMR (500 MHz, CDCls, 25 °C): Major

conformer: § = 1.30-1.37 (m, 2H, AhxH?), 1.45 (br, 9H, C(CHs)3), 1.50-1.57 (m, 2H, AhxHP), 1.66—
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1.73 (m, 2H, AhxH¢), 1.98-2.08 (m, 2H, ProH® and ProH®, 2.34-2.42 (m, 3H, ProH" and AhxH?), 2.83
(br, 3H, BocNCHs), 3.20 (t, J = 6.8 Hz, 2H, AhxH®), 3.45-3.51 (m, 1H, ProH¢Y), 3.57-3.62 (m, 1H,
ProH?), 4.56-4.61 (m, 1H, ProH?), 8.02 ppm (br, 1H, ProCO>H); Minor conformer: 5 = 1.30-1.37
(m, 2H, AhxH¢®), 1.46 (br, 9H, C(CHs)3), 1.50-1.57 (m, 2H, AhxHY), 1.66—1.73 (m, 2H, AhxHY), 1.98—
2.08 (m, 2H, ProH® and ProH", 2.34-2.42 (m, 3H, ProH" and AhxH?), 2.83 (br, 3H, BocNCH5), 3.20
(t, J = 7.0 Hz, 2H, AhxH®), 3.45-3.51 (m, 1H, ProH¢Y), 3.57-3.62 (m, 1H, ProH%), 4.39 (dd, J = 8.5,
3.9 Hz, 1H, ProH?), 8.02 ppm (br, 1H, ProCOH); 3C NMR (126 MHz, CDCl3, 25 °C) d = 24.2
(AhxCY), 24.7 (ProC?), 26.3 (AhxC®), 27.6 (AhxCP), 28.4 (C(CHs)3), 34.1 (BocNCH3), 34.3 (AhxC?),
47.7 (ProCY), 48.7 (AhxC?®), 59.7 (ProC?), 79.2 (C(CHs)3), 155.9 (NCOy), 172.6 (AhxCON), 174.5
ppm (ProCO>H); IR (ATR): n =3160, 2973, 2932, 2871, 1739, 1688, 1643, 1599, 1479, 1451, 1427,
1395, 1365, 1310, 1160, 1090, 1050, 876, 771 cm™!; MS (ESI-MS): m/z calculated for C17H31N2Os [M

+ HJ" 343.2233, found 343.2228.

Me(Boc)-Ahx-Pro-NH-10-FIEt

Me(Boc)-Ahx-Pro-NH-10-FIEt was prepared from NH»-10-FIEt-HC1 (100 mg, 0.31 mmol)
according to the above typical procedure for amidation (127 mg, 66%, yellow solid): '"H NMR (500
MHz, CDCl3, 25 °C): Major conformer: d = 1.25-1.34 (m, 2H, AhxH?), 1.44 (s, 9H, C(CHs)3), 1.53
(quin, J = 7.5 Hz, AhxHY), 1.57-1.65 (m, 2H, AhxH®), 1.84-1.94 (m, 1H, ProH®), 1.95-2.02 (m, 2H,
ProH® and ProH?), 2.26 (t,J = 7.5 Hz, 2H, AhxH?), 2.24-2.31 (m, 1H, ProH®), 2.44 (s, 3H, FI8-CH3),
2.57 (s, 3H, F18-CH3), 2.83 (BocNCHs3), 3.19 (t, J = 7.2 Hz, 2H, AhxH®), 3.36-3.44 (m, 1H, F110-
CH,CH®), 3.50 (s, 3H, F13-CHs), 3.48-3.54 (m, 1H, F110-CH,CHP), 3.64-3.79 (m, 2H, ProH¢Y), 4.43
(dd, J=8.3 and 2.6, 1H, ProH?), 4.71-4.79 (m, 1H, F110-CH?), 4.89-4.98 (m, 1H, F110-CH?), 7.50 (s,
1H, CONH), 7.88 (s, 1H, F19-H), 8.03 ppm (s, 1H, F16-H); Minor conformer: d = 1.25-1.34 (m, 2H,

AhxH?), 1.41 (s, 9H, C(CHs)3), 1.53 (quin, J = 7.5 Hz, AhxH?), 1.57-1.65 (m, 2H, AhxH"), 1.84-1.94
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(m, 1H, ProH®), 1.95-2.02 (m, 2H, ProH® and ProH?), 2.26 (t,J = 7.5 Hz, 2H, AhxH?), 2.24-2.31 (m,
1H, ProH®), 2.46 (s, 3H, FI8-CHs3), 2.60 (s, 3H, FI8-CH3), 2.78 (BocNCH?3), 3.19 (t, J= 7.2 Hz, 2H,
AhxH®), 3.36-3.44 (m, 1H, F110-CH,CH?), 3.50 (s, 3H, FI3-CH3), 3.48-3.54 (m, 1H, F110-CH.CH?Y),
3.64-3.79 (m, 2H, ProHY), 4.32 (br, 1H, ProH?), 4.71-4.79 (m, 1H, F110-CH?®), 4.89-4.98 (m, 1H,
F110-CHP), 7.50 (s, 1H, CONH), 7.91 (s, 1H, F19-H), 8.06 ppm (s, 1H, F16-H); 3C NMR (126 MHz,
CDCl3, 25 °C) d = 19.4 (F18-CH3), 21.5 (F17-CH3), 24.2 (AhxCP), 24.9 (ProC®), 26.4 (AhxC®), 27.7
(AhxCY), 28.4 (ProCP), 28.4 (C(CH3)3), 28.6 (F13-CH3), 34.1 (AhxC?), 34.4 (BocNCH3), 36.7 (ProCY),
43.1 (F110-CH>), 47.4 (F110-CH, CHa), 48.2 (AhxC®), 59.8 (ProC?), 79.0 (C(CHs3)3), 115.8 (FIC®),
131.2 (FIC%), 132.4 (FIC®), 134.9 (FIC"), 135.4 (FIC®), 136.8 (FIC?), 148.1 (FIC*), 148.8 (FIC!%),
155.8 (FIC%), 156.1 (NCO»), 160.0 (FIC?), 172.9 (ProCON), 173.12 ppm (AhxCON); IR (ATR): n =
3310, 2969, 2930, 2863, 1651, 1583, 1542, 1421, 1396, 1362, 1271, 1230, 1201, 1155, 1038, 1020,
971, 879768, 730 cm’'; MS (ESI-MS): m/z calculated for C3,Hs6N7O¢ [M + H]" 624.3510, found

624.3488.

Me-Ahx-Pro-NH-10-FIEt TFA salt (3d)

Me-Ahx-Pro-NMH-10-FIEt TFA salt was prepared from Me(Boc)-Ahx-Pro-NH-10-FIEt
(78 mg, 0.13 mmol) according to the above typical procedure for deprotection (66 mg, 83%, yellow
solid): "H NMR (500 MHz, CDCls, 25 °C): Major conformer (Mj): d = 1.45-1.60 (m, 3H, ProH®
and AhxH¢), 1.73-1.98 (m, 4H, AhxH®, AhxH¢ and ProH?), 1.99-2.10 (m, 2H, AhxH? and ProHP),
2.11-2.22 (m, 1H, ProH®), 2.24-2.32 (m, 1H, AhxH?), 2.39-2.45 (m, 1H, AhxH%), 2.46 (s, 3H, FI8-
CH3), 2.61 (s, 3H, F17-CHs3), 2.81 (t, J = 5.0 Hz, 3H, NH,"-CHj3), 2.99-3.06 (m, 1H, AhxH®), 3.25—
3.35 (m, 1H, AhxH), 3.38-3.45 (m, 1H, ProHY), 3.48 (s, 3H, FI13-CH3), 3.58-3.65 (m, 2H, F110-
CH,CH,), 3.66-3.76 (m, 2H, F110-CH,CH, and ProH?), 4.37 (dd, J = 4.9 and 8.8 Hz, 1H, ProH?),

4.56—4.65 (m, 1H, F110-CH>), 4.97-5.07 (m, 1H, F110-CH5), 8.09 (s, 1H, F19-H), 8.12 (t, IH, J=5.7

60



Hz, CONH), 8.19 (s, 1H, F16-H), 9.25 (br, 1H, NH>"), 10.04 (br, 1H, NH>"); Minor conformer (Mn):
d = 1.45-1.60 (m, 3H, ProH? and AhxH?), 1.73-1.98 (m, 4H, AhxH", AhxH¢ and ProH?), 1.99-2.10
(m, 2H, AhxHY and ProH"), 2.11-2.22 (m, 1H, ProH®), 2.24-2.32 (m, 1H, AhxH?), 2.39-2.45 (m, 1H,
AhxH?%), 2.47 (s, 3H, F18-CH3), 2.62 (s, 3H, F17-CH3), 2.81 (t, J= 5.0 Hz, 3H, NH,"-CHj3), 3.04-3.14
(m, 1H, AhxH¢), 3.25-3.35 (m, 1H, AhxH®), 3.38-3.45 (m, 1H, ProHY), 3.48 (s, 3H, F13-CH3), 3.58—
3.65 (m, 2H, F110-CH,CH>), 3.66-3.76 (m, 2H, F110-CH.CH, and ProH%), 4.41 (dd, J = 2.6 and 8.8
Hz, 1H, ProH?), 4.56-4.65 (m, 1H, F110-CHz>), 4.97-5.07 (m, 1H, F110-CH>), 8.09 (s, 1H, F19-H), 8.92
(t, 1H, J = 5.2 Hz, CONH), 8.19 (s, 1H, Fl6-H), 9.47 (br, 1H, NH,"), 9.54 (br, 1H, NH>"); 3C NMR
(126 MHz, CDCl;, 25 °C) d = 19.4 (FI8-CH3), 21.6 (F17-CHz3), 22.8 (ProC®), 24.4 (AhxC?), 24.8
(AhxCP), 25.3 (AhxC?), 28.7 (F13-CH3), 29.4 (ProCP), 32.6 (AhxC?), 33.0 (NH>"-CH3), 36.1 (F110-
CH,>CH>), 43.1 (F110-CH>), 47.3 (ProCY), 49.3 (AhxC®), 116.4 (FIC®), 131.0 (FIC®), 132.1 (FIC®),
134.9 (FIC®), 135.4 (FIC7), 137.9 (FIC3%), 148.6 (FIC*), 149.6 (FIC!%), 158.0 (FIC*), 160.2 (FIC?),
172.1 (ProCO), 174.1 ppm (AhxCO); IR (ATR): n = 3410, 3057, 2952, 2874, 1644, 1582, 1542, 1436,
1353, 1314, 1277, 1231, 1199, 1176, 1128, 1038, 1020, 974, 878, 829, 799, 769, 719 cm™!; MS (ESI-

MS): m/z calculated for C34H4sN-O4 [M + H]* 614.3455, found 614.3431; M.p. 120 °C.

Preparation of 3e
Bn(Boc)-Ahx-Pro-NMe-10-FIEt

Bn(Boc)-Ahx-Pro-NMe-10-FIEt including impurities was prepared from MeNH-10-
FIEt-HCI (108 mg, 0.31 mmol) according to the above typical procedure for amidation (47 mg, yellow

solid), which was used for the next reaction without further purification.

Bn-Ahx-Pro-NMe-10-FIEt TFA salt (3e)

Bn-Ahx-Pro-NMe-10-FIEt TFA salt was prepared from Bn(Boc)-Ahx-Pro-NMe-10-FIEt
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(44 mg, 0.06 mmol) according to the above typical procedure for deprotection (40 mg, 89% yield,
yellow solid): '"H NMR (500 MHz, CDCl;, 25 °C): Major conformer: d = 1.08-1.19 (m, 1H, AhxHg),
1.21-1.30 (m, 1H, AhxHP®), 1.30-1.40 (m, 1H, AhxH¢), 1.49-1.60 (m, 1H, AhxH®), 1.62-1.69 (m, 1H,
ProH®), 1.69-1.89 (m, 4H, ProH® and AhxHY), 1.98-2.05 (m, 1H, ProH?), 2.08 (t, 2H, J = 6.2 Hz,
AhxH?), 2.38 (s, 3H, FI8-CHs), 2.48 (s, 3H, F17-CH3), 2.87-3.07 (m, 2H, ProH¢), 3.14-3.23 (m, 1H,
AhxH®), 3.23-3.30 (m, 1H, F110-CH>CH>), 3.30 (s, 3H, F13-CH3), 3.33-3.40 (m, 1H, F110-CH.CH>),
3.48 (s, 3H, ProCONCH3), 4.23—4.37 (m, 3H, PhCH and F110-CH>), 4.45 (dd, J = 8.7, 3.7 Hz, 1H,
ProH?), 4.64 (t, J = 10.8 Hz, 1H, AhxH®), 5.55 (t, J = 11.5 Hz, 1H, F110-CH,), 7.17-7.26 (m, 3H,
ArH™* and ArHP““), 7.43 (s, 1H, F19-H), 7.47-7.51 (m, 1H, ArH*"*°), 7.96 (s, 1H, Fl16-H), 9.45 (br,
1H, NH,"), 10.56 ppm (br, 1H, NH>"): Minor conformer: d =1.08-1.19 (m, 1H, AhxH®), 1.21-1.30
(m, 1H, AhxHP), 1.30-1.40 (m, 1H, AhxH?), 1.49-1.60 (m, 1H, AhxH®), 1.62-1.69 (m, 1H, ProH®),
1.69-1.89 (m, 4H, ProH® and AhxH?), 1.98-2.05 (m, 1H, ProH?), 2.08 (t, 2H, J = 6.2 Hz, AhxH?),
2.44 (s, 3H, FI8-CHs), 2.59 (s, 3H, F17-CHs), 2.87-3.07 (m, 2H, ProH¢Y), 3.14-3.23 (m, 1H, AhxH®),
3.23-3.30 (m, 1H, F110-CH2CH>), 3.30 (s, 3H, F13-CH3), 3.33-3.40 (m, 1H, F110-CH,CH>), 3.52 (s,
3H, ProCONCH3), 3.76 (t,J=7.5 Hz, 1H, 1H, AhxH®)4.23-4.37 (m, 3H, PhCH> and F110-CH>), 4.45
(dd, J=8.7, 3.7 Hz, 1H, ProH?), 4.87 (t, J= 11.5 Hz, 1H, F110-CH>), 7.17-7.26 (m, 3H, ArH"" and
ArHP?) 7.47-7.51 (m, 1H, ArH”"?), 8.01 (s, 1H, F19-H), 8.05 (s, 1H, F16-H), 9.76 (br, 1H, NH,"),
9.99 ppm (br, 1H, NH,"); 3C NMR (126 MHz, CDCl3, 25 °C) d = 18.9 (FI8-CHs), 21.5 (F17-CH3),
23.1 (AhxCP), 24.4 (AhxCY), 25.8/25.9 (ProC® and AhxCY), 28.5 (FI3-CH3), 28.6 (ProC®), 33.7
(AhxC?), 36.2 (ProCONCH3), 41.2 (F110-CHy), 45.5 (AhxC®), 46.7/46.9 (F110-CH,CH, and ProCY),
51.6 (PhCHy), 56.5 (ProC?), 114.8 (FIC?), 128.6 (ArC™*?), 129.0 (ArC’¥<), 130.2 (ArC”"?), 131.1
(FIC%), 131.4 (ArC"*), 132.5 (FIC®), 134.2 (FIC®), 135.7 (FIC7), 137.0 (FIC*?), 147.6 (FIC*), 148.6
(FIC'%%), 156.5 (FIC*), 161.5 (FIC?), 170.5 (ProCO), 172.2 ppm (AhxCO); IR (ATR): n = 3472, 2951,

2871, 1632, 1583, 1542, 1442, 1351, 1272, 1240, 1197, 1172, 1123, 1039, 1019, 971, 827, 798, 750,
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718, 700 cm’!'; M.p. 116 °C.

Preparation of 3f
Boc-Pro-NH-10-FIEt

Boc-Pro-NH-10-FIEt was prepared from NH»-10-FIEt-HCI (100 mg, 0.31 mmol) according
to the above typical procedure for amidation (100 mg, 65% yield, yellow solid): '"H NMR (500 MHz,
CDCl3, 25 °C) d = 1.41 (s, 9H, C(CH3)3), 1.78-1.91 (m, 2H, ProH®), 1.95-2.07 (m, 1H, ProH"), 2.15—
2.25 (m, 1H, ProH"), 2.44 (s, 3H, F18-CHs), 2.59 (s, 3H, F17-CH3), 3.28-3.45 (m, 2H, F110-CH,CH>),
3.49 (s, 3H, F13-CH3), 3.66-3.83 (m, 2H, ProH®), 4.22 (dd, J= 5.8 and 2.6 Hz, 1H, proH?), 4.67-5.01
(F110-CH>), 7.05-7.35 (br, 1H, ProCONH), 7.96 (s, 1H, F19-H), 8.02 ppm (s, 1H, F16-H); *C NMR
(126 MHz, CDCl3, 25 °C) d = 19.4 (F17-CH3), 21.6 (F18-CHz3), 24.4 (ProC®), 28.3 (C(CHs)3), 28.6
(F13-CH3), 28.9 (ProC?), 36.4 (F110-CH,CH>), 43.1 (F110-CH,), 47.0 (ProCY), 77.2 (ProC?), 80.4
(C(CHs3)3), 115.8 (FIC?), 131.8 (FIC®), 132.3 (FIC7), 134.8 (FIC?®), 135.3 (FIC®), 136.9 (FIC>?), 148.4
(FIC*), 148.6 (FIC'%), 155.5 (NCO>), 156.0 (FIC*), 159.9 (FIC?), 173.9 ppm (ProCON); IR (ATR): n
= 3276, 2980, 2924, 2876, 1706, 1651, 1583, 1539, 1455, 1414, 1365, 1350, 1274, 1231, 1201, 1154,
1125, 1033, 1019, 970, 746, 690, 668 cm™'; MS (ESI-MS): m/z calculated for CosH33N¢Os [M + H]*

497.2512, found 497.2542.

H-Pro-NH-10-FIEt TFA salt (3f)

H-Pro-NH-10-FIEt TFA salt was prepared from Boc-Pro-NH-10-FIEt (42 mg, 0.08 mmol)
according to the above typical procedure for deprotection (34 mg, 79% yield, yellow solid): '"H NMR
(500 MHz, CDsOH, 25 °C) d = 1.78-1.86 (m, 1H, ProH"), 1.86-1.95 (m, 1H, ProH®), 1.95-2.05 (m,
1H, ProH®), 2.24-2.32 (m, 1H, ProH®"), 2.43 (s, 3H, FI8-CH3), 2.58 (s, 3H, F18-CH3), 3.26-3.38 (m,

2H, F110-CH,CH>), 3.39 (F13-CHs3), 3.74-3.87 (m, 2H, ProHY), 4.17 (dd, J = 7.5 and 8.4 Hz, 1H,
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ProH?), 4.79-4.90 (m, 1H, F110-CH,), 4.90-5.00 (m, 1H, F110-CHs), 7.83 (s, IH, F19-H), 7.90 (s, 1H,
FI6-H); *C NMR (125 MHz, CD3;0H, 25 °C) d = 19.5 (FI8-CHs), 21.5 (F17-CHs), 25.1 (ProCg), 29.1
(ProC®), 30.6 (FI3-CHs), 38.5 (F110-CH,CH,), 45.2 (F110-CH,), 47.3 (ProCd), 61.3 (ProC?), 117.5
(FIC?), 132.8 (FIC®), 132.9 (FICS), 136.4 (FIC®), 136.7 (FIC7), 139.0 (FIC), 150.1 (FIC*), 150.8
(FIC'%%), 158.6 (FIC*), 162.0 (FIC2), 170.7 ppm (ProCO); IR (ATR): n = 3247, 3064, 2960, 1669, 1646,
1580, 1540, 1439, 1352, 1266, 1231, 1198, 1173, 1123, 1038, 1019, 973, 877, 829, 798, 769, 719 cm

. M.p. 165 °C.

DFT conformation studies of flavin-amine hybrids

Spartan 14 (Wavefunction, Inc.; Irvine, California, USA) was used to estimate stable
conformations of enamines derived from 3¢ and 3d with 1 (3¢: R! = Bn, 3d: R! = Me). Monte Carlo
conformational searches for the enamines in MMFF were initially conducted. Among the resulting
conformers, those with relative potential energy less than 16 kJ mol™' were extracted and recalculated
in DFT at B3LYP/6-31G* level. We analyzed the resulting lowest energy structures of 3c-derived
enamine, in which the distance between flavin-N5 position and enamine nitrogen atom was found to

be 4.55 A. In the case of 3d-derived enamine, the flavin-enamine distance was extended to 5.92 A.
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Figure 1. Photoredox activation.
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2. EREERE

2.1. Stern-Volmer 70 M- &k 32 —BEBFHEDHER

HELTWDARIE Y 7 DIk D A VERx Y RO—E ML iR T 5729, RFTA
EVTFATEH—ILSS-UAF L R 1-cis & T Stern-Volmer 7' 2 k& {Efk L 7= (Figure
3), HENERNOIETHDZ LN, RFTA*N D 1-cis ~O—EFBEI £ /213 R ¥—

BEINEZD I B2 080 hhoT-,

2.2 OAc
AcO,
‘“OAc
2
0\\ “OAc
s/j N /NYO
1.8 J@/Ks ;;(NH
3 N
MeO (o]
8 1-cis RFTA
> (0-10 mM) (0.5 mM)
1.4 e
"""" . -
1.2 R*=0.995 ... o«
I e
1 @ee""
Aex=465 nm, A,,c=517 nm
0.8
0.0 25 5.0 75 10.0

1-cis [mM]
Figure 3. Stren-Volmer plot of RFTA with 1-cis

22.1Cis ST ILTE RADEELER
221. 7S EUMBERICE T RICEHEDBRE

Stern-Volmer O H: %2215, la-cis # FE & L TH VR =)L ~O BB G & R ATz &
ZARIGDMETHRER LIzT=® (entry 1), FEWVCHRMUMFT 21T o7 (Table 1), A =<
T 5 & HE 1a-cis DIEITFR YD R — L R DT D RIS L T L722V (entries 1-3), 72
721, 0.04 M OGEITBOGKRZIER T2 Z & TEEMICHIIW 2 356015 (entry 2),
50 vol% H20 T7(E T CrBthiasiit 2 it Lz & 2 A, MeCN H1 T L < RS HEITT 5

ZEMGrmo 7z (entries 4-7), MeCN-H0 {EATAEA T H0 DIRIMEEZ MG L7z E 2 A,
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10 vol% 3 i T D = & 03530y 7= (entries 4-7), FFHR FOME Clx, EHE T TS
NENMEL . BBRILTIEIT AT B R 2 BT D VR R~ L m TR L S5 72 DI
PMEF L7 (entries 1, 13 and 14), MR ORE 255D 5 & SOSNEMET L, #XRFEMAT

1T OB HELT L7V (entries 1, 15 and 16),

Table 1. Optimization of reaction conditions.?

Osg
/j RFTA (3 mol%) ~o
_— =
/©)\§ hv (465 nm) MeO
MeO

1a-cis

entry conc./M solvent ~ H»O/vol% atmosphere = LED/W time/h yield®/%

1 0.02 MeCN 10 air 1.1 1 35 (999
2 0.04 MeCN 10 air 1.1 1 21 (99
3 0.1 MeCN 10 air 1.1 1 0

4 0.02 MeCN 50 air 1.1 6 95

5 0.02 DMSO 50 air 1.1 6 <1

6 0.02 DMF 50 air 1.1 6 <1

7 0.02 EtOH 50 air 1.1 6 49

8 0.02 MeCN 30 air 1.1 1 12

9 0.02 MeCN 20 air 1.1 1 18
10 0.02 MeCN 10 air 1.1 1 35

11 0.02 MeCN 5 air 1.1 1 13
12 0.02 MeCN 1 air 1.1 1 1

13 0.02 MeCN 10 N 1.1 6 50
14 0.02 MeCN 10 0, 1.1 6 67

15 0.02 MeCN 10 air 0.6 6 78
16 0.02 MeCN 10 air 0 6 0

* All reactions of 1-cis (0.1 mmol) were carried out in the presence of RFTA (3 mol%) in solvent (5 mL)
under blue LED (465 nm, 1.1 W) irradiation at ambient temperature. ° determined by 'H NMR

measurement using 1,1,2,2-tetrachloroethane as an internal standard. °6h. ¢19h
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2.2.2. DR

EFLD 2.2.1. THR 7= FiZe 4 (Table 1, entry 1) 128\ TRAMBE DO RRFH A 1T > 72 (Figure 4)
¥, kxR R 2 A T 2 ST S 7. IRICITFOLIE R OJRV E € LED
WL Z L L LT, =R DL L By 7 AR T % Ru(bpy)s X° Ir(ppy)s 8 L OV A F
LT N—=RxF v Y TIRELUSHEIT Lo o7z, =T, Ny F ) RO
HTH27mT =17 7 BV EOHBERMERTH L7 x4 0 Tl BB O AR i
W, ZbOfEIE SET 7210 T2<. 7 u FBHE) (PT) 70 b 3EET
B&) (PCET) HLETEX 5720, ALUGIZ 2D OMENR S TV 5 AIEEMED RIE S

776

~
S/j photocatalyst (3 mol%) /@AO
S
/@2\5 hv (white LED, 400-750 nm, 1.1 W) MeO
MeO

MeCN-H,0 (9:1), air, 21 h

Q I
Cl Cl N N N.__O
~ N
~ /C[\"j@\ - Q = \Nf 7
Cl Cl N s N N ~ OAc
o | ci | o N /N\(o
chloranil methylene blue 1,3-dimethylalloxazine :@Nlﬂ/ NH

trace 0% 68%
RFTA 98%
COONa
N/ / \
NaO I I
= 2PF5 Br
u(bpy)s(PFe)2 0% Ir(ppy)s 0% eosinY 0%

Figure 4. Comparison of photocatalyst.
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2.2.3. AEERAHEDKEET

FROD 2.2.1. TR 7o A St (Table 1, entry 1) (238 W\ T DFEF 21T > 7= (Figure 5),
EHILR IV —VEB IO ARV EZEATE, 5T 57 /07 R 2a-2¢,2h NEE
IR END, T Th 225 2h OZEBTIIHORIETIE 5 27 v TRETH Y . ARUGDAH
AMEZIEIORTRERTH D, EABROCTFT VEREZT TR EBROVF 4T
VERETHORISDET L, 747 R2b REIETHELNDS, REBIORPVEELD L
DO TIZEL BUSHEIT Lo 72y, 7TV = EEix7 s cenenElsns-

HLOFMEATE, T 57 b 2e2g ~EBHTEXHZ LN T,

(\ RFTA (10 mol%) o
0> % A
R OR hn (blue LED, 465nm, 1.1w) ~ R* R
0.02 M) MeCN-H,0 (9:1), air 2
Os,
X0 o o S/>
/\/\/\AO from s
MeO Ph I
o]
2a 93% (8 h) 2b 95% (12 h) 2 74% (24 h) 2b 93% (12 h)
o}
X i
H™ "H M
2d 0% (24 h) 2e 94% (12 h) 2f 82% (16 h) 29 87% (16 h) 2h 52% (24 h)

Figure 5. Substrate scope.

2.2.4. 1a-cis & 1a-trans O R TED LLES

la DY ARE b T 2 2K 6:4 DIREME R WTRIGEITV, BREFE 28152 L7- (Figure
6)o FUSHIMITIZ N7 v AEBESEMICIHE S (W), 7 U AENERITHEE S 2%
[ AEDEBIRHIESND Z Lol (M), FTo, v AEOEHIEHIIT R T A K

TR SN2 o TS N R S T2,
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< ~
S/j S/j RFTA (3 mol%) o
S * S
5 8 hn (blue LED, 465 nm, 1.1 W) MeO
MeO MeO MeCN-H,0 (9:1), air 2a
1a-trans 1a-cis
0.25 mmol 0.15 mmol
100 «
80
< 60
—
S
Q
> 40 | =
20 *
L
0
0 1 2 3 4 5 6

reaction time / h

Figure 6. Reactivity difference between cis- and trans-isomer.

ZOEPEEFIH L T AMROEETRA DB 2R AT 2 A, BRI LZER NT v
AR 1a-trans DA% TV T B K 2a ~EEBH L, BRI AREE T 1a-cis DI % HEEd
HZ T LT (3), —AIC, BRIRVTF AT X — L SS-UFF T RO AKE |

7 ARITIEDP L L TR RPN TH D720 ARBROGH T AR & B 58 72

FIETHLZ ENghoT,
1a-trans (0.25 mmol) RFTA (3 mol%) 2a (0.24 mmol)
. R (3)
hn (blue LED, 465 nm, 1.1 W)
1a-cis (0.15 mmol) MeCN—H,0 (9:1), air 1a-cis (0.14 mmol)
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2.3. RIGHEEORET

2.3.1. xTHEEER

SOCHERE 2RI 5 720, XIRERZIT o7 (Figure 7). IHESIFICI T 2 UG O REIEZE
b TIZ AR 2a 1358 20 THIAN L, 6 RFfHI 2 I E BRI T 5 2 L3272 (@),
RBED I NV—R0b 12-VFF T DF ) AF Y RBIOUAF T MEDR 82%DILHE TH
RENTZZ LD D, Nacis DYTFT VA F v FENLIIRISHICZO L ) b dfE e LTH
HICTFIES D 2 & o iz, Jea Wit iIC RS L7258 13RI RO BSOS A HETT 5
ZEDD RIEH RFTA ONAEIERIC L 0 T L TR0 | 7 V0 VS CIdian 2
Eyinotz (B, TAWNHRFITHDEHNVE ) X7 Y —F DB IVIFE T TIRUEM
LT LN, HH lacis 137 VWA ZRCT AT B R 2a ~ LA SIS W

REMESVRIZ S Tz (X)),

)
RFTA (3 mol%) /@O
S
/©)\OI hn (blue LED, 465 nm, 1.1 W) MeO
MeO MeCN-H,0 (9:1), air 2a
1a-cis

100

80

yield / %

o%

0 1 2 3 4 5
reaction time / h

Figure 7. Control experiments.
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232 PEINDRICHE

ZHE TOFERMRNSBUEE L TV D o2 LU I2RT (Figure8), £7°. A
KRR SN 7 T EUGFNALEXY Re—EBrtL, 778070V T=F &
AN Y RTPANTF A PERT D, RIS, ZOT AN TFH 2 ORMNIMED T 1
FNomTITETUANT A UNGIERLS 2T 2 OPHET OB LKL, 7T
EUBRNSALINDANT = VBT VAN~ OKFEBEVE LS T7 T BN iAE L, HH
EWHERT D, ZOPEBITHEICT VT b R~E RS, BilEd 5 Y207 = VIR
KIZEV 12-F AT 7 AF Y RAEBHREIND, iz, AU BBz UAFo R

WL 7 7 EOBED RPN L W AT 2 —HEBRADPFEATH L LB LT D,

N
(o]
T—Hzo
HAT
HO o~ ~o-OH
S S
>

|
N N\FO
- O\\ NN .OH
L . S S
visible light )/\:EN/:;rNH )\ e NN
(0]

Figure 8. Plausible reaction mechanism.
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4. RERIF
General information

NMR spectra were recorded using JEOL JNM-ECZ-400 ('H, 400 MHz) and JNM-ECA-
500W spectrometers ('H, 500 MHz, '3C, 126 MHz). Chemical shifts are reported in ppm using TMS
or the residual solvent peak as a reference. In the case of D,0O, acetonitrile was used as a reference.
Elemental analyses were carried out on a J-Science Lab JM10 micro corder. UV spectra were recorded
on a HITACHI U-3000 spectrophotometer. Melting points were measured on an AS ONE ATM-01.
Visible light irradiations were performed with a blue LED (NICHIA NCSB119T, |1 = 465 nm) while

cooling with a fan from the bottom.

Methods
General procedure for direct transformation of dithioacetal S,S-dioxides with photocatalyst

A test tube was charged with dithioacetal S,S-dioxide (0.1 mmol), photocatalyst (3 pmol),
1,1,2,2-tetrachloroethane as NMR internal standard and solvent (5 mL), which was then stirred and
irradiated by LED visible light (465 or 400—750 nm, 1.1 W, 1 cm distance) at ambient temperature for
a defined reaction time. The reaction was evaluated by 'H NMR spectroscopy of the crude mixture
with reference to the published data of aldehyde, in which the yield of 2 was estimated from the

integration of peak assignable to a methine proton of 1,1,2,2-tetrachloroethane at 6.91 ppm.

Preparation of dithioacetal S,S-dioxides

To a solution of dithioacetal S,S-dioxide (4 mmol) in AcOH (10 mL) was added 30%
aqueous H»O, which was stirred at room temperature and monitored by TLC. After complete
consumption of the dithioacetal S,S-dioxide, the resulting reaction mixture was diluted with H>O (40

mL), which was then extracted with CHCI3 (20 mL % 3). The combined organic layer was washed with
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H>O (10 mL x 3), saturated aqueous NaHCO3 (20 mL % 3) and brine (20 mL), and dried over Na;SOs,
and concentrated under reduced pressure. The obtained crude product was purified by flush column

chromatography on silica gel to afford the corresponding dithioacetal S,S-dioxide.

General procedure for exploring substrate scope of substrates

A solution of dithioacetal S,S-dioxide (0.4 mmol) and RFTA (22 mg, 0.04 mmol) in
MeCN-H20 (9 : 1, 20 mL) was stirred and irradiated by blue LED light (465 nm, 4.4 W, 1 cm distance)
under air at ambient temperature. After complete consumption of the dithioacetal S,S-dioxide, the
resulting reaction mixture was added H>O (60 mL), which was then extracted with Et;O (20 mL x 3).
The combined organic layer was washed with H>O (10 mL X 3), and brine (20 mL), and dried over
NayS0s, and concentrated under reduced pressure. The including RFTA derivatives were removed by

short flush column chromatography on silica gel (5 cm height) to afford the corresponding aldehyde.
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