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A
OH
OH NH, Y - N/YN‘ )\J )j\
NH, o = K/N \,(N " 0H

CF3

Fingolimod Lisdexamfetamine Sitagliptin Pregabalin
($2.013 billion in 2022) ($3.219 billion in 2022) ($2.813 billion in 2022) (8632 million in 2022)
B Cc
Engineered cytochrome P450s
o Reductive amination R\N,PG
\ Deprotic‘fly ,,J;\ %mination
/ '
N y Reducti 1
--—N; -->—NO, eduction 'L ;
K ¥ o H—¢---
or : \\\
> (X = ClI, Br, I, tosylate) / A :
z -:.,_ X Sn2 substitution Direct primary amination . \
’ (X = OH) T = e T e ---%—NH,
Dehydrogenative coupling Elusive in chemical synthesis / 7

—B BT T AL, ARG E AR 69 K A ATIR

A m 7 AR U AR IAAL” Rk (eif RAIRA. BRLR. BREARF) , PHREI, RTEFHE,
A HC(sp®) -HiRL R RIZA R, 2BAA KRS RN RIFOIE.

BFREET R IRA, BRERATEHEST, L& TG RBAN R,

Jia, Z.-J. et al., J. Am. Chem. Soc. 2024, 146, 24863.
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Fe'*? Protonated ,__/_:___,..FE*‘ / Cl ealierpe ©
,..--" » iron-nitrene N N e LigFc
N—N
OTf Conditions Yield of 3a
Fe''ClgPc, H,0 47%
H ‘ NH,*HOTf Fe''ClgPc, H,0/1,4-dioxane = 19:1 68%
Conditions

Fe'lClgPc, 1,4-dioxane 0%

Supported catalyst Fe''ClgPc,”
. 76Y%
1a F 3a H,0/1,4-dioxane = 19:1 ’

Jia, Z.-J. et al., J. Am. Chem. Soc. 2024, 146, 24863.
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A o 30 o oo et oy

3q 69% 3r 66% 3s 86% 3t 74% 3u 76% (24 h) 3v 75% (80 °C, 24 h) 3w 83% (16 h) 3x 67% (24 h)
(j[&wz (Ij (X) ‘ “ q)\ @f E I$
3y 80% 3z 82% 3aa 75% 3ab 45% (74%)" 3ac 53% (64%)° 3ad 73% (24 h) 3ae 54% (62%)" 3af 83%
(60 °C)
NH
NH, | /©/T\Hz NH; NH, NH NH, gl o
O Bz MeO
3ag 71% (16 h) 3ah 71% 3ai 85% 3aj 78% 3ak 66% 3al 85% (16 h) 3am 44%, 3:1 r.r. (a:b)”
(60 °C, 24 h) >10:1 r.r. (a:b) >10:1 r.r.(a:b) >10:1 r.r. (a:b) 7:1r.r. (ab) (60 °C, 120 h)
(b) Allylic C(sp®)-H Bonds (c) Unactivated C(sp®)-H Bonds
NH,
NH, NH,
W\/ é
Ph
3an 26% (31%)a 3aq 27% a 3ar 28% (16 h}
(24 h) 3a0 45%, 9:1 r.r. (ab)’ 0 >10:1 r.r. (a:b) Jas 76% 7% 3au 57% (79%)°

Jia, Z.-J. et al., J. Am. Chem. Soc. 2024, 146, 24863.
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A sp-type NH; 1 Conditions

Yield 3/5

C—H amination _
_NH;" " 1laR=F FeS0, MeCN/H,0 = 2:1 (Ref. 28) 5a, 27% <1:99

PivD” R 3
2 TfD' laR=F FE“G'BFC, MECNFHED =21
R

conditions sp’-type HzN laR=F Fe''ClgPc, H,0/1,4-dioxane = 19:1

1 C—H amination - m/\ e . 19.1
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H H > NH;
LY O HEAH: RFALk R X R
H H H NH; D NH; 3bj 37% 3bk 7%
1cMe-d,/2 = 1:1:1 1d E/Z = 5:1
e c-dyf N Ph)%(ph . Ph)S(ph 3bj/3bk = 5:1 >
0D standard conditions H H DD
Ph)S(F'h KIE = KyKp = 2.0 3w 3w-d E H NH, e >
DD do standard condmons"__ GO + @
1c-cly H ] H H
1 cis-3bl 42% trans-3bl <1% >
C F ¢ cis-/trans-3bl >89:1
NH, _N
/@A TEMPO (2.0 equiv) - + i Me standard conditions® I':ile r\:je
H — o
F standard conditions E /©/l\ Ph"CO,Me - Phﬁcozme *oPT COMe
1a
3a <1% F 8 <1% 17 97% ee 3bm 41%, 92% ee recovered 98% ee
(1]

3a, 5% =001
3a, 68% >99:1
3m, 70% >99:1

Yield 3/(5+7)

3a, 35% =991

ALK 5 R k2o F M FellClsPc +
B REAEE = HKAC(sp’)-Hiz; FeSOs+ A
PAEF] = K ARC(sp?)-HEE,
HAFR=E %% 2: KIE = 2.0, &BAC-HET
HARE R T VR,

o AMKEEIE: TEMPOMH A2, FH4&N
F|TEMPOZe &4, 8 dEhusl,
SHRFHF R MR+ AEF 2] 5 28K
¥E24, diabwitFemsa (7100 ps)
Heig “ R " 5 C-N4E,

Jia, Z.-J. et al., J. Am. Chem. Soc. 2024, 146, 24863.
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c) This work: new-to-nature enzymatic trifluoromethylazidation of alkenes

CF3
© + NaN3
CHIIF -
et | l :
F
_“\; 'L:» _r\ # £og
R Gluy,, — Ns Gluy, i~ \z‘, .
radical | His & A TN
addition His y | =
: \ / N, McEvdO2 StHmas BsQueD
/Q\/CF S z 2a 2a 2a
3 - CF; 0.4% yield 0.2% yield 0.4% yield
R azide transfer RN~ 4555 er. 54:46 e.r. 41:59er,

Figure 1. Trifluoromethylazidation of alkenes.
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® ERFEMSIEMEEA

Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, ¢202423507.
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Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, ¢202423507.
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Jia, Z.-]. et al., Angew. Chem. Int. Ed. 2025, 64, e202423507.
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BB FRBAF - KSR, RE B

vV R R TRE (963, MRt X) : X R FHEEHROBS T E,

v ERREFB: BRAFEATHRIT, LEXTR, BAALSMH A THRMBRMFe (1D B B AR

v B G: ik AR AERT

v R BR&Fe (NH,) 5 (S0,) o: B T4 b S EFe (1) FHIRZ, #H 8 Togni X7 89 F4L,

v NaNs: & f R RK CH&Togni X F: K4 A=CF; B B AL AT4K,

vV ZBR 55 RRE, RAWERZR =4, HiBF6-MS (&) A6C-FID (5Bt M) it
R X—FRRMART EFTNRTART g R F 5, Bk FMiFe “9H 287,

& =: 2 RELH - &RERIiE
v GFaRaHm (A © R EHAREER (deBsQueD-CFy) 4T K MM A sbil.
VORMBE (R ALER) ¢ X RBAT AR R A 48 R BT 49 AR T ik o

o E R EBERE @I, FeANT E&@ERFTPGS-750M, XAE/F R GIKE T4, #7317,
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Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, e202423507.
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SHIZE: MR EAHENANIR=aREESRAM

Purified BsQueD-CF3 (2 mol%) Ns

Fe?t, NaMs, TPGS-750M (3 wi%)

) ascorbic acid, HEPES buffer (pH 6.8) i
Togni's regent | 2

N3 Ny ?3 Na N3 g
~_-CFs ~-CF3 CFs ~-CF3 A _CF; CF3 Purified BsQueD-CF; Na
@A/ /@N m Togni's reagent | A _CF,
Meo OMe Oe standard conditions @N
2a 2b 2c 2d 2e 2f TEMPO (2.0 equiv) 23
57% yield, 83:7 e.r. 55% yield, 90:10 e.r. 31% yield, 95:5 e.r. 17% yield, 75:25 e.r. 28% yield, 90:10 e.r. 28% vyield, 95:5 e.r, 1a not detected
Na Na Na Na N3 Na
H CF, H CF; H CF, H CF, - CF, H CF, pul‘lﬂEﬂ. BSQUE‘D-EF:, f:lg
* F
F cl Br NC O:N OHC standard conditions ©/\/\/\E 3
2g 2h 2i 2j 2kla! 21 1e 2y
28% vield, 93:7 e.r 25% vield, 937 er. 19% vield, 98:2 e.r. 22% yield, 98:2 e.r. 25% yield, 93:7 e.r. T0% vield, 95:5 e.r, 24% yield, 80:20 er.
Ns N3 Ns N, Purified BsQueD-CF5
CFs /@/:\_,{: Fs CF3 | S CF : J-I. Togni's reagent |
MeO,C N standard conditions
CHO CO.Me
2m Zn 2o 2plE 2ql= 2rtal 1d

23% vyield, 955 er.

19% vyield, 93:7 e.r.

13% yield, 95:5 e.r.

7% yield, 95:5 e.r

40% yield, 90:10 e.r.

N N Nz i :
NSNS N * ¥ e GOl

| @4\1 ©:>-CF3 CFs N~ CFs :
Nz ; CF; ]
25l 2t 2u 2v 5 2w 2x E

42% yield, 94:6 e.r. 37% yield, 56:44 e.r. 14% yield, 66:34 e.r. 11% yield, 55:45 e.r. | not detected not detected '

______________________

3% yield, 82:18 e.r,

Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, e202423507.
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b) This work: biocatalytic enantioselective a-hydroxylation of f}-ketoesters

- - (
unspecific @ \
peroxygenases ,
Cys
o 2 COH
O 0 >_< o O
OH
?MOR? 87 or?

Scheme 1. Overview of enantioselective «-hydroxylation of f—ketoesters.

EEMERERAL SEVNESHFSIANZEERANKE
Rz, RGFETEEERGTZ. EFEME
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Ryl REME RE T ITVNA.
FRAMETEEEs:
= ERITH0.TE AL, TH4ES,
SHEDWE BEERE
BUENER EBRAZHEMER, ITERAEEK.

(ERR7T=

Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, €202509359. *°
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a) .\ Reaction| Reaction Il
0o o 0 0 0 0 o
‘OH G o ‘y
2 NaPi (pH 7.0), 30 “C,16 h cl ogt  NaPi(pH5.8).30°C,16h o
1a 2a 1b 2b
C) o 100
5 N o
o e g
g 40-
: L ]
F
S 30+ £
| , 70 §
5 20- 5
2]
: _f
10 i
e 5 T T T 50
AnlUPO  +F161A  +L66F  +L52F  +G164A  +S160T+L217VIA168G
wT M1 M2 M3 M4 M5 M6

Figure 1. Engineering AniUPO for enantioselective a-hydroxylation of f—ketoesters. a) Model Reactions | and Il. b) Alphafold-model of AniUPO with
mutated residues marked in pink. c¢) Mutation trajectory of a-hydroxylation activity for Reaction | (blue) and Reaction Il (orange). For each variant,
bars indicate fold of activity increase (relative activity) for the reactions, whereas blocks indicate the ratio of major enantiomer of product (R)-2a
(blue) and (R)-2b (orange). Error bars represent the standard deviation from three independent replicates (n = 3). Refer to Supporting Information

for experimental details. )
Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, ¢202509359.
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0 O 0 O
2 AniUPO-M3 or AniUPO-M6 3
R OR > R Ss. OR?
LR H,0,, buffer, 30 °C,16-40 h ‘R "
1 2
0o o o 0 o o
O o O o 0 o
o “ron M o w W Brw
"y OMe "y OMe d OMe
‘OH “OH “
cl F Br cl E OH
2a 2c 2d 2j 2k 21
80% yield (M3) 92% yield (M6) 85% yield (M3) 59% yield (M6) 71% yield (M6)® 48% yield (Ms)lb'
1330 TTN, >09:1 er 3940 TTN, >89:1 er 1410 TTN, >99:1 er 2500 TTN, 92:8 er 1780 TTN, 91:9 er 400 TTN, 80:20 er
0 (0] 0 0 (0] (0]
OH OH
ron°Me wom wom < “ome Me .\\‘U\
| MeO oM “1on
2e 29
61% yield (M6) 81% yield (M6) 96% vield (M6) 2m 5 2n 20 2p
2630 TTN, >99:1 er 3470 TTN, 97:3 er 4100 TTN, >99:1 er 58% yield (M6) 56% yield (M6) 51% vyield (M3) 10% vyield (M3)
480 TTN 8020 ar 2380 TTN Q91 ar 250 TTN Q2:R ar 170 TTN 57-43 ar
0O O o O 0 o
OEt “ oM
1y " e /
OH ‘OH ou =
ci
2h 2i 2b
79% vyield (M6) 77% yield (M6) 97% vyield (M6)
3390 TTN, 95:5 er 3280 TTN, 96:4 er 4140 TTN, 97:3 er

Jia, Z.-J. et al., Angew. Chem. Int. Ed. 2025, 64, ¢202509359. °°
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O

AnlUPO-M6 (0.0234 mol%)

-~ : f o
Ci OEt

1b, 5mmol, 1.20 g

b)
OMe O o)
OMe AniUPO-M1 -
H,0,, NaPi buffer (pH 7.0)
30°C,40h
OMe

1c

0
H,0,, citrate buffer (pH 5.0), 30 °C, 16 h cl o

2b, 1.08 g, 85% isolated yield
95:5er, 3630 TTN

NaBH; MeOH DAST, DCM
0 °C, 30 min rt, 40 h

s g ™

OH o)

J o}
e

3, 82% vyield, 2:1 dr

- V

OMe O
40 daunomycin © 101

9, i .
17% yield, 80:20 er (anticancer drug)

Jia, Z.-]. et al., Angew. Chem. Int. Ed. 2025, 64, e202509359.
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N3
X=N :
+ Ol = X 3 A _NH;
. ~~NH3 /Fe —His s
PivO Tio™ His” | A NH,
o His srmmnns o et NH,
+ Na : |
X = SCN | s/( ; §’\<N
LA~ NH2 ! A~
B T T
SR : NH
i NH : N | 2
PivOH Glu,, || N X = OCN | 0//< ‘ /\(
Fe ; - — : N
His :

TARKE T — AP b 20 & Sk BF—ok B A% 2 J04F 8 69 I F 2,3- U m A B, VA A,
E A B F AL TR GHE R A AT RALA N, Bd g it, FRE —MHKAL
#BsQueD L AR, BG4 F S A FH2-F R r. 2- A AE ek Ao 2- A LBk, RS T ERA
72%, SFBRiREb & Z3i£99:1,

Jia, Z.-J. et al., JACS Au 2025, 5, 4472. *?
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BsQueD
0.6% yield, 64:36 e.r.

SHZE: NS SFEXAEFSEMIEERIRE I B GEBHC R

NH
PVO™ _

Whole E. coli cells harbouring nonheme enzymes

Fe?*, NaN,, KPi buffer (pH 7.0), rt

~ vsEctd ' ¥ NKKDO4
0.2% yield, 52:48 e.r. 0.1% yield, 52:48 e.r.

Engineering campaign

SavHPPD

0.2% yield, 52:48 e.r.

Jia, Z.-J. et al., JACS Au 2025, 5, 4472.

2. ~ 100
BsQueD variants Yield er. -0~ major enantiomer
0= yield - =90
Wt 0.6% 64:36 ‘|’
BsQueD H62A/H64A/H103A a : 8=
(silencing iron center A) 0:4% 4852 - 80
BsQueD H234A/H236A/H275A 2 6-
(silencing iron center B) 0.7% 82:18 — 70
4= —
Protein truncation at G216 site 0.7% 82:18
Protein truncation at Q211 site 0.7% 82:18 2= - - 60
Protein truncation at S192 site 0.6% 80:20 o
0 T T T T 1 T 50
Protein truncation at K174 site 1.7% 84:16 BsQueD BsQueD-AK174 +5116R +T118A +71L +L51V
Protein truncation at V162 site 0.4% 62:38 (BsQueDyy)
23

Major enantiomer (%)
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N
+ 3
= . PivO” ’*_‘r’:;_ Whole E. coli cells harbouring BsQueD e R % NH,
Fe MaM;, 8 °C, M9-N buffer (pH 6.0)
1 2 3
N3 '_13 ';Ia ':3 t‘l?- ?3
' NH, : NH, NH, NH- : NH, NH2
: : CH : :F
’ CH:, DGH:], F
3a, 49% yield 3b, 35% vyield 3¢, 24% yield 3d, 28% vyield Je, 13% yield 3f, 1% yield
174 TTN, 97:3 e.r. 123TTN, 94:6 e.r. BETTN, 946 er. 101 TTN, 94:6 e.r. 47 TTN, 97:3 e.r. 40 TTH, 99:1 e.r.
. NH,
A . PivO” '*_‘rl:;_ Whole E. coli cells harbouring BsQueDar , S 3,
Fe?*, NaSCN, 8 °C, M9-N buffer (pH 6.0) A~
1 2
5
NH, "‘(.NHZ NH; NH2 NH;
S ]
S ST N TV 5
5a, 72% yield CHs OCH;
254 TTN, 97:3 eur. 5b, 44% yield 5¢c, 34% yield 5d, 30% yield 5e, 16% yield
156 TTN, 93:7 e.r. 121 TTN, 83:7 e.r. 107 TTN, 87:3 er. 56 TTN, 89:1 er.

0.2 mmol scale: 20 mg
47% yield, 97:3 er.

Jia, Z.-J. et al., JACS Au 2025, 5, 4472. **
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C

3-His-1-carboxylate

mﬂ : 7§P‘

BsQueDAF
3a, 49%, 973 e.r.
5a, 72%, 97:3 e.r.

”’xﬂ; o‘“lsf

4 H103|

BsQueDAF HB62A
3a, 1.9%, 74:26 e.r.
5a, 1.4%, 56:44 e.r.

4-His

Hlo

BSQUeDAF EG69H
3a, 1.7%, 65:35 e.r.
5a, 0.8%, 78:24 e.r.

2-His-1-carboxylate

_\ ,xms\!

) A64 H1D3

a

BsQueDAF HE4A
3a, 1.6%, 56:44 e.r.
5a, 0.8%, 75:25 e.r.

el
3‘;

3-His

Ap

H103
NGC <)

BSQUeDAF EG9A
3a, 1.2%, 74:26 e.r.
5a, 0.5%, 50:50 e.r.

v

?Jg9

BsQueDAF H103A
3a, 1.1%, 74:26 e.r.
5a, 0.8%, 77:23 e.r.

"\

Gk 3T B 3N 2 BR A — N 2UBR 7k AR AL
MR k: AHGRR T TIRAREESLET
BAz o9 2 A BR AR AL, RE MK &R T KEg
gy HEAL PR B8
AARRE .
> AR T AEAR AR, A
M IFEALIRIZE A T A 4-40 A BR X 3-
2B 7 BR (H) T RERARBLIK)
> F=NMARBRFOE—NANEEARA
AR, MET =M E G 2-48 A 8R-1-
R BR B 45 M),
it B MBEALE RN EH
ﬁgﬁ,ﬁmﬁﬁfbﬁﬁo

Jia, Z.-J. et al., JACS Au 2025, 5, 4472. >
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BsQueD variants

Yield of 3a (e.r.)

Yield of 5a (e.r.)

BsQueD,- R116A 5% (76:24) 6.5% (86:14)
BsQueD,s LT1A 8% (85:15) 24% (94:6)
BsQueDys V51A 10% (85:15) 9% (88:12)

BsQueD S116R/T118A/ , ,
I71L/L51V (BsQueD-RALY) |70 (96:4) 12% (96:4)
BsQueD-RALV N ) 8 .
H234A/H236A/H275A 12% (95:3) 10% [95:5)
B
N3
o BSQLIEDAF, NEN3

standard conditions

1b

ESQUED;‘F. NaN;

Q/W\NHQ
3m

6% vyield, 85:5 e.r.

S

1c

standard condifions

Ns
. _NH,

an
37% yield, 5149 er.

SCN

©A\¢

1b

~ S
BsQuelDgg, NaSCN N NH,
standard condifions

Sm
11% vyield, 65:35 e.r.

BsQueD-AF &, 2 W/~ x4 % % : S116R, T118A, T71L,

L51V fe— A2 H35842 AK174

> RI116 T & A AR

> FL71 A2 V51 93X & A &R

> ¥ BA MBI E, #E BsQueD-RALV TR (BF &4
MAERAZRE, E&aRALEKEHN) .

i TN F RN ER B E G LIZER -

Ay (4eS116R) AHEALSFHIAMN; A8 (LT71L, L5IV)

FTEBAMOBAEE R IUTEM R ETN: £HK (4o

AK174) @it EIR 44 T R EAR ML,

A Ns
BSQUEDAF,. NHNE : ';‘H2
-
standard conditions 3
; a

TEMPO (2.0 equiv) not detected r

W .
NH
NH; 2
1a
s ©/l\’

BsQueDgp, NaSCN -~ P N 7

standard conditions - ©/\/ detected

TEMPO (2.0 equiv) 5a

not detected

Jia, Z.-J. et al., JACS Au 2025, 5, 4472. 2°
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A *X  hydrogen atom transfer Y —M°L  radical A
" ‘/ (HAT) V/ interception . M™L
"";C—H Sy > --C-§
- 1 ------------------------ 1 1 ........... Fig. 1. Conceptualization of
B i H-R HAT i Re (pseudo)halogen rebound R R-X enzymatic C—H functionaliza-
0 -His il s 8 B A —— > 07 0o _ ,His tion via metal-catalyzed radical
ke < B = - = Cl, Br, N3, NO, Fe relay. (A) Radical-relay C-H
071 "X R1_9\CO0" HO"I “X HO” | y- (A) y
His His His functionalization involves an initial

hydrogen atom transfer (HAT)
mediated by a heteroatom-
centered radical (X+) followed by
trapping of the carbon-centered

0 0 radical with a redox-active
N’. . v ':;Z-'" . N’. metal complex. (B) Mechanism
W H I N3 Ne H ; '5' employed by natural nonheme
F 3 iron enzymes for C(sp®)=H
halogenation/azidation. (C) Inte-
. / N-F bond . ' . : radical . / gration of radical relay chemistry
activation LEHIAT g O interception 0 into nonheme iron enzymes
H N .N ' ~_HN “"H HN-@ enables unnatural C-H function-
H N; alization reactions.
His... "_ Ny HIS: e'& \F His .. His.. y__c
Glu/Asp™ | Glu/Asp™ | Nj Glu/Asp™ | Glu/Asp™ |
His His N~ His His
3
! J |
» Redox-neutral Fe''ll catalytic cycle * HAT mediated by N-centered radicals | Hyang, X. et al., Science , 2022, 376, 869/



SRt JEMeT AR LS

+ High-throughput screening
* No substrate restriction

1450 +

1250 |

Total turnovers (TTN)

250 |

50

enzymes in E. coli cells

1050

850 |

650 -

450 -

Fe?*, NaN

H H enzymes
in E. coli cells
F
N Fe?*, NaN
7( KPi buffer (pH 7.4)
1NF

> 5000 screens

JFEMBREE] C(sp®)-H SRR

AR ERAiY, RERR “ESEHRNAR
BB AR ERPREERE. REHGN .

1. BRRRE: SURRITELEY, EEUSFLE3IA— BREH.
0. MHEASRE: MREAESBIA:
o —HREEREMTRES T
o SRR
o BHTIREA RO -SRI ORE R L.
ETYFIGISRE. S, SRR, ER— EETSNS LAY,
iN _— 3. AN (ARSI E AN S R AR AERE.
P243A F216A o SINGBMEHIR, IIERS LA, SIS A5
,*-'i- Sav HppD Az1
) ( pp )
1340 TTN, 87:13 er

ISP REREAITRE, HiEEdS0007 5k,

ALGFPI
N191A
A= AN A -
(Savmpeb i) BRIGRINKEIIA:
PR S S—p— o Az1: &M (TTN1340) , hE&ExIBREEM (87113 eur)

V189A S230L P243G N245F

AQl
Q255A
Lg‘gﬂ (AQIA)
760 TTN
(AQl) g2t
V189A 410TTN 98128
N245Q 79:21 er .. compemm’
(AQ) £
320 TTN ;
SavHppD 75:25 er '
250 TTN B
60:40 er e R
ﬁ-

Q255P L3671 (ALGFPI)
430 TTN, 94:6 er

 Az2: EXTIREEN (96:4 er) , FFEEME (TTN 490)

Huang, X. et al., Science , 2022, 376, 8692
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Extending alkyl chain at benzylic positions
N3 H MeQ Ny H N: H N; H N3 H
H H H H
N N N N N
g & Jd X< d XK 6 X<
6N 7N 8N 9N 10N
Az1 1530 TTN, 87:13 er Az1 5300 TTN, 56:44 er Az1 6070 TTN, 72:28 er Az1 3700 TTN, 69:31 er Az1 3610 TTN, 79:21 er
Az2 1470 TTN, 95:5 er Az2 630 TTN, 94:6 er Az2 1550 TTN, 88:12 er Az2 410TTN, 92.5:7.5er Az2 250TTN, 94:6 er
Primary and tertiary benzylic C-H substrates
N3 H N3 H N; H Ny H N3
H B H H H
N N MeO N N N
e F
J K g X g < Jd < 5 I~
11N 12N 13N 14N 15N
Az1 3180 TTN Az1 360 TTN Az1 820 TTN Az1 2980 TTN Az1 3830 TTN
B Preparative scale synthesis
N, N; . ;
5 Ny H :
' Az1 2 v
H H g 120 mg scale ¥ ;
F >< ><\ ; 65% isolated yield N :
0o o : 3650 TTN J K :
16N 17N E 87:13 er W E
Az1 3030 TTN Az1 760 TTN 5 ;

v
-------------------------------------------------------------------------------------------- '

Huang, X. et al., Science , 2022, 376, 869°
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b
Nonhaem iron enzymes 1-NHPI substrate
Photocatalyst F261
N LED light .
o Fe?*, NaNs, KPi buffer
1-NCO \
5230
Photocatalyst Yield% TTN 1/1-NCO e.r.
Eosin Y 30+5 220+35 35+x05 48.52
255
Ru(bpy),ClL, 4+08  30%6 1.0%0.5 nd. c188 P243 S
[Ir{dF(CF3)ppyl,(bpy)IPF; n.d. n.d. n.d. n.d. V189 o
Fluorescein 13 1 100+8 15+02 A8:52
Rose Bengal n.d. n.d. n.d. n.d. c
100 P4
Photocatalyst Yield% TN 1/1-NCO e 3 P2 P3 g .
Eosin Y 2N+4 14030 12:05 7030 2 °f — I:stgA ;;g%f:
Rufbp}l‘}ECLz 4+0.4 30+3 0.5+01 n.d. % o E VIB9A 5230Y Q255A
80 [ :

[Ir{dF(CF )ppyl,(bpy)IPF;  n.d. n.d. n.d. n.d. g pr | 5230Y  qossp C188A

) i 88:12 e.r. 90:10
Fluorescein 15+3 100+£20 1.0+0.3 70:30 5 g W &I (SavHPPD-PC)

R — V189A 94:6 e.r.
Rose Bengal n.d. n.d. n.d. n.d. = wt SavHPPD  73.97 o.r

70:30 e.r.
Photocatalys t Yield% TTN 1/1-NCO e.r.
Eosin Y 6+1 70 + 11 08+0.1 5545 Mutant Yield% TTH 1/1-NCO e.r.
Ru(bpy)Cl, 2:04  20+4 03+0.04 nd. ;':t fﬂi :; 121%'—' 1;':{; 1255 * %‘24 gﬁ?
+ + + .

Ir{dF(CF bpy)IPF, n.d. d. d. d. * t 5+0. :
[Ir{dF(CF PPyl (bpy)IPFs  n.d nd nd nd P2 39+1 260 + 10 4.0+02 88:12
Fluorescein 2+0.2 20+ 2 0.4 +0.1 55:45 P3 34+ 72 300 + 20 4.3+0.3 9010
Rose Bengal n.d. n.d. n.d. n.d. P4 26+ 4 200+ 30 23+0.3 94:6

Huang, X. et al., Nat. Catal. 2024, 7, 1394
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Y

Fe?*, NaN; or NaSCN
r.t., KPi buffer (pH 7.4)

0 g
(8] SavHPPD-PC (0.2 mol%) co0—
N Eosin Y, Green LED Na/SCN Eosin Y Br = Br
\ a @) 0 o o
Br Br

n-NHPI n
Ny N = N Ny N Na N
/@)\ F\@* \,@/'\
F F F
1 2 3 4 5 6 T
%, 3B5TTH 58%, 292 TTHN 35%, 177 TTN 0%, 150 TTHN H4%, 274 TTN 46%, 233 TTN 4%, 171 TTN
a4:6 er. 973 er. 95:5er. B8:12 er. 8713 er. T2:28 er. 68:32 e.r.
N3 N3 My Na
Cl Ny
(::I/\ Na @C\Na @)
Cl OMe III'l J'Ir
2] 9 10 112 122 132 142
36%, 182 TTN 40%, 201 TTN 35%, 175 TTN 28%, 94 TTN 30%, 101 TTN 20%, 68 TTN 36%, 121 TTN
80:10 eur. T4:26 er. B1:19er.

Huang, X. et al., Nat. Catal. 2024, 7, 1394.



F_8#B5: C-N/S

Substrates with extended alkyl chain or fused carbocycle

N, Ny N, 5
15 16 17 f
23%, 115 TIN 36%, 181 TTN 48%, 241 TTIN )
89:11e.r. 86:14 er 91 9e.r. J
0s__O f
Na Na “NPhth :
©/k( ©j}:k/ :
18 19 f
16%, 82 TTN 40%, 200 TTN 30-NHPI !
73:27 e.r. 946 e.r. no reaction
Preparative synthesis
N, SCN SCN
©/‘\ F
0.1 mmol scale = a
53% isolated yield " W
250 TTN. 94:6 e.r. 34%, 114 TTN 20%, 68 TTN
56:44 e.r. 78:22 e.r.

HiER: RFRIECSEEBEAIEES S EMAIIRIEE ERAR A C-N3FN-SCNIERZRL

Substrates derived from 1°, 2°, 3" aliphatic acids

N, N3
20° 21° 228
30%, 103 TTN 15%, 52 TTN 10%, 35 TTN
O (0]
“NPhth
@ﬂ” Ohe
23* 24° 31-NHPI
37%, 124 TTN 8%, 27 TTN trace
7723 e.r.
Decarboxylative thiocyanation
SCN
©/\S CN SCN ©/\r
OMe
278 282 298
15%, 48 TTN 30%, 96 TTN 14%,45 TTN
63:37 e.r.

Huang, X. et al., Nat. Catal. 2024, 7, 1394.
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€ 115,
SavHPPD-PC N o Fe(ll) with SavHPPD-PC
Eosin Y
Green LED
z a 1-NHPI with SavHPPD-PC
3 N8N3 mmk
KPI buffer i . :
(#)-1-NHPI (S} o Fe(ll) in KPi buffer
+ 1-NHPI in KPi buffer
Time (min) 1-NHPI (R:S) Yield of 1 er.of 1 2107}
30 50:50 12% 94:6
60 50:50 15% 94:6 103}
120 50:50 18% 94:6
480 50:50 29% 94:6 0.99 L s 4 s L
0 0.05 0.10 0.5 0.20 0.25
Quencher concentration (mM)
b d
g value
9.0 7.0 60 50 39 34 30 27 24 22

L L) T L] T L] L] L) A T

SavHPPD-Fe(ll)*Na-eosin Y without light
+

A Bhan A e A A DA A
e iy " e e

SavHPPD-Fe(II) *Na-eosin Y with light

+
s e g W T s et e

SavHPPD-Fe(ll)Na-1-NHPI-eosin Y

with light
4.28 4
T=12K ;
100 200 300
Magnetic field (mT)

Huang, X. et al., Nat. Catal. 2024, 7, 139%.
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L (P FINMRE, HHREVIBA (BAB-AAB, MEE ) 402558 (45 A
mArfm%%\ By AB, MELFERL) , BRT ERAELTRRGME EFF KT #
G RS T R BRI R, 1 60 E W A4 R AR KRR K B R R AR
N v p ; Y VIR ESNERET
E349 ‘%\g e
ST IR B R AR E AL R P AR R M R, JFLR AL L A AR AL 69 AR
A Enantioconvergent Side view Elﬁ; }ﬂ °

S230Y C188A

si face N transfer
3 ) : /\/‘ISQA’ ;- . - o . B
GHF am@ﬂ{ BRAKRES FERBT: S230Y RE (ZAMEEAMR, FIAK
L N > S AIR) 5 P23 A FI59 —d2, HR T —ARAKDE, 0SS E

<‘ _(; m“émw crs WA FERETF, R THI0 BAMR A2 E, X5 X KRIFEmL
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O e G
: AOHMS-CF4 (1.5 mol%), Fe(ll), NaN, . N
s LY
* o - P
N 100 mM KPi buffer (pH 7.4) AT
m,3h
3 1a 5

N3 N3
/©/:\/CF3 d\/c':s
MeO OMe

5b, 67% yield, 955 e.r.

N3y
Br

5g, 27% yield, 82:18 e.r.

N3
Mej£>/’\/cr3
MeO

51, 34% yield, 62:38 e.r.

Ns
A CF
/@/\/ 3
N
MeO Z

5q. 47% yield, 85:15e.r.

Sc, 22% yield, 73:27 e.r.

N3
/@/\/CFJ
O3N

5h, 9% yield, 62:38 e.r.

Ny
MeoD/'\/cp,
MeO

5m, 64% yield, 73:27 e.r.

N3
; CF
/(ﬁ/\/ 3
Z
MeO N

5r, 64% yield, 89.5:105e.r.

Substrate scope

MeO CF;

d.

5d, 44% yield, 81:19 e.r.

CFy

m :uz
1~ ]

MeO
51, 40% yield, 964 e.r.

Ns

CF
N 3

=N

5n, 35% yield, 81:19 e.r.

5s, 70% yield, 88:12 e.r.

N3
EtO

5e, 44% yield, 946 er.

Ny
F,‘ : A _CF;
MeO

5§, 52% yield, 919 e.r.

Ny

CF
\ 3

L
N
50, 53% yield, 67:33 e.r.

Ny

CF3

MeO
5t, 73% vyield, 78:22 e.r.

Huang, X. et al., J. Am.

N3
/O/\/CFJ
Pro

5f, 31% yield, 93:7 e.r.

N3
MeO

5k, 25% yield, 76:24 e.r.

N3
I N CFy
N =

5p, 68% yield, 61:39 e.r.

MeO
N3
\©\/:\/CF3

5u, 28% yield, 79:21 er.

Chem. Soc. 2024, 146, 34878.3°
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M
b N AcHMS-CF, -3
ﬂ Togni Il (1a) = CFy = CF,
- ———
MeO™ N Fe(ll) L. P
I+ NaN, MeQ" N MeQ™ N
ar ar

Entry [MaN,] [NaSCN]  5r yield are.r. 9r yield grar
1 40 mM 10 mM 48% 7624 0.6% n.d.
2 30 mM 20 mM 44% 69.5:30.5 1.4% n.d.
3 20 mM 30 mM 40% 65.5:34.5 2.6% n.d.
4 10 mM 40 mM 35% 61:39 5.8% 80.5:19.5
5 5 mM 45 mM 18% 60:40 6.4% 80.5:19.5
6 2.5 mM 47.5 mM 1% 59:41 1% 80.5:19.5
7 1 mM 49 mM 5.8%  56.5435 18% 80.5:19.5
8 0.5 mM 49.5 mM 2.8% n.d. 22% 80:20
9 0.25mM  49.75 mM 1.6% n.d. 25% 80:20
10 0 mM 50 mM A MNA 33% 80.5:19.5

AHEFEEEE:

REAMSTF: T f7FE wuﬂ’%ﬁ%‘ﬁ‘?&‘:’j
FRiESCN- Kk kit =, &R~ & £ F,
F O BE SN 345 N AR R 4T o

HEFEMLF: HKRESCN FAET,
A g 3oF i 128 ) i,u»_z?T o K HISCN &4 3|
PG, TRALT Fe(III)—Ng‘:F' JA] 4K 04 B
{23835, M%%h TREABREREN A G
A A5 %

£ A

Huang, X. et al., J. Am. Chem. Soc. 2024, 146, 34878.37
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c T T T T T d T T
’ PM L”""‘"“‘""‘-p’”""”“'lo owwm\ Mm wmm/..mmo > Ni~ 4= SCN™ ft 5
AoHMS.CF, Pl AoHMS-CF, || | loe ARG, ". | AoHMs-CF, |1 | - B 69 Fe(Il) F & 25
0.5 , | . oo | | os A, Al ET
_ X, wCEM R,

% 0 “WH A W WM. AM g % 0 WMM ,,\ /"W Aot | WAt o g > ‘;J?N3 %"SCN UHJL
‘_g.o.s i AoH;;;-CF_., :,' il AoH:'lg -CF, |': :". | o_;,% go.s Aonfg -CF, " 4 -" AoH;’,{;_CFJ ) - &5% /ff? E gl ’ }j = 7
2 [l | k] | 2 A |giaad | i, 2 T —MATH
1t |' ul 3 ; ] 1F . incubation : 17 /f’j; H;j‘ I~ B a9y %, 1
" : ~ ﬁﬁ,%%%%
apwecs | e difference difereccs % P A & 03 4
be::zec"_ 26-1 beamnze; 5c-4 be;u:;ze;;l# between d-4 ‘:F' S0y W F 4 7]‘LJ
Y T ——" : WW f\w b T R
. M, ALFRE
TR S T W T e . TR R SE VR RS
Velocity (mm/s) Velocity (mm/s) Velocity (mm/s) Velocity (mm/s) ﬁﬁ' ;}gF P "Ht 7:77 ;Ip% yea

Figure 4. Mechanistic Studies. (a) N3/SCN competition experiment. (b) Experimental studies of the CF; radical generation and azide transfer T )ﬂi;}%‘ o

steps. n.d. e.r. not determined due to low activity. (c) 4.2 K Mossbauer spectra of ferrous-loaded AcHMS-CF; and the incubation with chloride or
azide anions. (d) 4.2 K Mossbauer spectra of ferrous-loaded AoHMS-CF; and incubation with thiocyanate and/or azide anions. For experimental
details see Figures S6 and S7.

Huang, X. et al., J. Am. Chem. Soc. 2024, 146, 34878.3¢
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\ ’ 0 TfO" N NH
a) S N L _fn purified AOHMS 4z (1 Mol%) : 2
f‘u By 07 ° - T -
Fe?*, NaN3, KPi buffer, rt N
n PONT nA
4% :-,ﬂald 42% yield 23% 1,.rueell:l 21% yleld 9% ylald ?% yleld
95.545e.r 97525 e.r 96.5:3.5er g8:2 er 97:3er 97:3er
N3 N3
3C Q2N
10A 1A 12A9
5% yield 17% yield 44% yield 22% yield 15% yield 14% yield
96.5:3.5er. 97:3 e.r. 982 e.r 98:2 e.r. 97:3 e.r. 98.5:1.5 e.r
ome N3 N3 Br Ns Ny N3 >
f 1. _NH, NH, i | T l l NH, NH, /©>’\/"H2
MeO
13A 14A% 15A7 16A 17A 18A
36% yield 30% yield 18% vyield 11% yield 18% yield 28% yield
81.585er. 92575er B85 115er 973 er. $7:3e.r. Gibmaser

Huang, X. et al., Angew. Chem. Int. Ed. 2025, 64, e202423403.
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E. coli harbouring SvHppE-Fluor {DDm = §) O 1
- - 1

&G FMETS=EXEssCIRRTBRIEIF1EC- FRRITRE

Fe™*, KFi buffer, r.t.

H, F J
H H
\[< F ”\ﬁ ”\]< #,
0 o '

5F 6F 7E BF 9F
16% yield, 130 TTN 12% yield, 100 TTN 12% yield, 103 TTN 9% yield, 77 TTN 8% yield, 65 TTN
5743 er. 85.5:4.5 e.r. G973 Bl 955 er. 955 @r.

H H
N

S

10F 11F 12F 13F 14F
12% yield, 100 TTN 10% yield. 83 TTN 8% yield, 64 TTN 22% yield, 180 TTN 16% yield, 138 TTN
95:5er. a5:5e.r. 94:6 e.r.

Fig. 3| Reaction scope and determination of absolute configuration of
products. Fluorination product 1F was determined to be R through X-ray
crystallography. The absolute configurations of all other fluorination products
were inferred by analogy. Experiments were performed at analytical scale
using suspensions of E. coli cells expressing SeHppE variants (0D, = 5), 10 mM
substrate nNF, 2.5 mM Fe® in KPibuffer (pH 7.4) at room temperature under

anaerobic conditions for 24 hours. TTNs were determined by dividing the
quantity of the resulting product (calculated using the GC-MS calibration curve)
by the concentration of the enzyme catalyst expressed in £. coli. The protein
concentration of OD,, 5whole-cell suspension was determined to be 12 pM
using protocols described in sections E and F of the Supplementary Information.

Huang, X. et al., Nat. Synth. 2024, 3, 958. >>
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# ]
H (I SvHppE E141D N134W Y102C
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T53
Fig. 4 | Mechanistic studies. a, DFT calculations using a truncated model to and angles are given in angstroms (A) and degrees (°), respectively. The transition
explore the intrinsic energy barriers of each elementary step of the reaction. state structures were rendered using CYLview. ¢, Impact of NaN; onreaction
Energies are givenin kcal mol™. b, Key structural parameters of optimized outcomes of SvHppE and its variants.

transition states for N-F bond activation and fluorine transfer steps. Distances

Huang, X. et al., Nat. Synth. 2024, 3, 958.
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