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Author Introduction DNA Catalysis LmrR

Table 1: Results of the catalytic Diels-Alder reaction with 1-naphthyl-
methyl- and 3,5-dimethoxybenzyl-substituted ligand 1.1/

Ligand 1 Diels—Alder Product 4
0 == Entry Ligand R n Dienophile endo/ endo exo
— /_<t/> exo [% ee]  [% ee]
- ,—( =N, 4 N\H.N\ N
"R 1 Ta 3 3a 98:2 49 18
O ligand 1 2" la 3 3a 97:3 49 23
o 3 Ta 3 3a 98:2 47 23
N 4 1a 3 3b 96:4 37 16
@ . | I 5 la OO 3 3¢ 98:2 43 24
& 6 1b 4 3a 98:2 33 19
2 = aag 7 1c 5 3a 973 <5 <5
8 1d 2 3a 96:4 —48 -37
o 9 Te 3 3a 98:2 37 -7
e 10 af ome 2 32 92.8 37 78
b: X =NO, ne 1f 2 3a 92:8  -34 74
c: X = OMe 129 1f 2 3a 92:8 -35 -82
139 1f ome 2 33 82:18 34 -80
DNA P endo + exo 14 f 2 3b 88:12 47 78
X 15 1f 2 3c 91:9 —53 -90

[a] All experiments were carried out with salmon testes DNA under the
standard conditions (see Experimental Section) unless noted otherwise.

Angew. Chem. Int. Ed. 2005, 44,3230-3232 [b] Conditions: catalyst (0.18 mm), dienophile (4 mm), cyclopentadiene
(34 mm). [c] Calf thymus DNA. [d] DNA =synthetic duplex d(GACT),-
(AGTC), (0.39 mm), cyclopentadiene (21 mwm), buffer contained NaCl
(75 mm).
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Table 1: Results of Michael addition reactions catalyzed by DNA/[Cu(L1-L3)(NO;),].1¥

[Cu(Ln) (NOy),] Substrate CH,(CO,Me), CH;NO,

[mm] L R equiv®  conv [%] ee %)Y conv (%] ee[%6]")

+ NuH 1 03 - Ph (1a) 33 26 <2 0 n.df

2 03 n 33 4 56(-) - -
3 03 L2 33 90 80(-) - -

CHéfz’oMe’? 4 03 13 33 quant. () 97 85 ()
R sk 03 33 54 - 36 -

a: R=Ph 6 03 33 9211 92 (-) 5 85 ()

b . :s:g;gph 7015 66  quant. 92(-) 61 85 ()
d: R=oBiPh 3 005 198 66 92() - -

e: R = 2-furanyl 9 03 6.6 quant. 87 (-) quant. 84 (-)

: R=Me 10M 03 66  quant (86)7 85(—) 96 (90)" 84 (-)

noo03 133 quant. 91 (-) 58 83 (-)

— 12 03 20 quant. 90 (-) 69 83 (-)
13 03 33 40 89(-) - -
”j)k)\n 14 03 p-MeOPh (1b) 33 94 36 89 82
<\/N 2a-f Nu = CH(CO,Me); 15 03 p-ClPh (1¢) 33 75 90 72 85
N 3a-f Nu = CH,NO, 16 03 0-BrPh (1d) 33 quant. 9 (-) 70 94
17003 66 87 (80)° 9(-) - -

[a) Typical experiments were carried out with salmon testes DNA (1.3 mgmL™") in MOPS buffer (20 mm
pH 6.5) for 3 days at 5°C using 100 equiv of dimethyl malonate or 1000 equiv of nitromethane, with
respect to enone. [b] Equivalents of substrate 1a—f with respect to Cu" ions. [c] Conversion values were
determined by 'H NMR spectroscopy and are the average of duplicate experiments (standard deviation:
+39%). [d] The ee values were determined by analytical chiral HPLC. [e] Reaction performed without
DNA. [f] 40 equiv of dimethyl malonate. [g] 200 equiv of nitromethane. [h] Reaction performed on a 80-
mg scale [] Yield of isolated product after column chromatography. [j] Reaction performed on a 1-mmol
scale. [k] Using recycled catalyst solution from entry 17. [I] Not determined.

@ s B 1854 03 66 79 (72)" 9 (-) - -
L N ZN _N 19 03 133 34 98 (=) - -
< = = 20 03 2-furanyl (1e) 33 96 86 quant. 87
- = I\] = IN Z N 21 03 Me (1) 33 92 58 95 62
achiral ligand = = ~
L1 L2 L3

Angew. Chem. Int. Ed. 2007, 46, 9308-9311
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9 30 % CuL(NOy),, O
SR g SDMA b
e MOPS buffer,

a HE5,5°C X
: p g 38

1a,3a: R = 2-(1-methylimidazolyl)
4.5: R = 2-pyridyl

(R
O N L1: n =1, R = 1-naphthyl
A L2 n =2, R = 1-naphthyl
NSt W N L3n=1,R=35-dimethoxyphenyl
_ — L4: n = 2, R = 35-dimethoxyphenyl
7 @
N N
L6 L7
Z N ZN
s | . |

entry ligand % conversion® of la % ee‘of3a % ee *of5

1 <5 nd/ 10 (+)
2 L1 61 10 (+) 48 (+)
3 L2 83 16(-) 49 (=)
4 L3 78 29 (+) 37 (+)
5 L4 93 68 (+) 37(+)
6 L5 17 68 (+) 72(+)
7 L6 25 87 (+) 90 (+)
8 L7 90 97 (+) 99 (+)

“All experiments were carried out with salmon testes DNA (1.3 mg
mL"", 2 mM in base pairs), 0.3 mM [Cu(L)(NO3)| (30 mol %), 1 mM la
in 15 mL of MOPS buffer (20 mM, pH 6.5) for 3 days at 5 °C, unless
noted otherwise. *Determined by *H NMR. ©For the endo isomer. ¢ All
conversions >80%. * Data taken from ref 5. 'n.d. = not determined.

DNA Catalysis LmrR

0 530 % CuL?(NOy),, R
st-DNA
R = = $ @ ST
) MOPS buffer, \
tah N pH.5.5°C N. -~ dah
\ W
entry R (substrate) endo:exo % eeb
1 Ph (1a) 99:1 97 (+) (28,35)
2 Ph (1a) 99:1 98 (+) (28,35)
3 p-MeOCgHj (1b) 99:1 98
44 p-CICsH; (1e) n.d. 96
5e 0-BrCgHy (1d) 96:4 94
6 2-furanyl (1e) 97:4 94
7 cyclohexyl (1f) 94:6 88
8 Me (1g) >99:1 86
9 Me (1g) >99:1 88
10 H(1h) 98:2 80
11¢ H (1h) 99:1 83

@ All experiments were carried out with st-DNA (1.3 mg mL~!, 2 mM
in base pairs), 0.3 mM [Cu(L7)(NOs3)z] (30 mol %), 2 mM 1 in 45 mL of
MOPS buffer (20 mM, pH 6.5) for 3 days at 5 °C, unless noted otherwise.
2 For the endo isomer. <1 mM 1, 0.05 mM Cu(L7) (NO3); (5 mol %), 1.3
mg mL ! st DNA (2 mM in base pairs). ¢ Conversion ~50%. ¢ Conversion
~T70%.

Org. Lett. 2007, 9, 3647-3650
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Scheme 1. Cu—L(NO3),/DNA Catalyzed Diels—Alder Cycloaddition

between 1 and 2

C

2
v N, N
cw*
Cu-L1: 89% ee

Vi

Cu-L3: 72% ee

\OI
- O
Q

7

N\
g1

2

Cu-L4: 61% ee

J. Am. Chem. Soc.

DNA Catalysis LmrR

Table 1. kapp of the Diels-Alder Reaction of 1 with 2 Catalyzed by
Copper Complexes Cu—L(1-3) with and without st-DNA?

ki (M7's7")
without with rate acceleration
entry  complex st-DNA st-DNA® (Kagp.it oxa/Kapp wio DNA)
I Cu-LI 0.0069 £0.0003  0.40 £ 0.04 58
2 Cu—L2 0.0092 £+ 0.0004 0.022 £+ 0.001 24
3 Cu-L3 0.010 £0.001  0.023 £ 0.001 23
4 Cu(NO3z); 0.095+0.006 0.040 £ 0.004 0.4

“[Cu—=L] = 0.15 mM, 25.0 °C, MOPS buffer (20 mM, pH = 6.5),
[1] = 6.0 x 107* mM, [2] = 0.5 — 2.0 mM. ” Ratio of Cu—L to base
pairs DNA 1:6.

2008, /30, 11783-11790
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o Table 2. Kinetic and Thermodynamic Parameters: K, kcah K-,
— k1), and the Isobaric Activation Parameters at 298 K#°
Cu-L1 Cu—L1/st-DNA®
K.J(M*') (4.0 £0.8) x 10° (5.0 £ 1.4) x 10°
keu (M‘ 3 ) @45+12)x 1072 3.8+08
ko (M™'s™h (2240.6) x 1072 (5.84+12)x 1072
m. (M ‘) (2240.6) x 1072 38408
(kcait‘mol) 211 181
AH'l (kcal/mol) 10+1 3.1+05
TAS ¥ (keal/mol) =11+1 -15+1

“[Cu—L] = 0.10 — 0.25 mM, 25.0 °C, MOPS buffer (20 mM, pH =
6.5). [1] = 6.0 x 107° mM, [2] = 0.5 — 2.0 mM. ?Conditions
determination isobaric activation parameters; [Cu—L] = 0.1 mM, 25.0
°C, MOPS buffer (20 mM, pH = 6.5). [1] = 6.0 x 107* mM, [2] = 0.5
— 2.0 mM. See Supporting Information for the corresponding Eyring
plots. “ Fixed ratio of Cu-L1 to base pairs DNA 1:6.

J. Am. Chem. Soc. 2008, 130, 11783-11790
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entry oligonucleotide T (AT  with Cu-L1) (°C) K (DNAYM ! ee (%)°° Kig® M~'s™Y)
1 no DNA <5 (5.05 £ 0.07) x 1073
double stranded DNA:

2 st-DNA 63.0(—0.5) 7.26 % 10° 98.5 (+) (2374005 x 107!
3 poly d(AT):poly d(AT) n.d.© 15 (=)

4 poly d(GC):poly d(GC) n.d/ 78 (+)

5 d(GCGCGCGC), 38.0 (—1.0) 942 x 10° 86 (+) (298 £0.38) x 1072
6 d(GCGCGCGCGCGO)2 45.5(—6.0) 8.37 x 10° 95 (+) (6.45£0.84) x 1072
7 d(GACTGACTAGTCAGTC), 33.0(-2.0) 9.55 x 10° 78 (+) (444 £032) x 1072
8 d(CAGTCAGTACTGACTG), 32.5(—0.5) 1.26 x 10°* 83(+) (3.39 £ 0.05) x 102
9 d(TCGCGATCGCGA)2 35.0 (—6.0) 1.17 x 10* 78 (+) (267 £0.11) x 1072
10 d(TCGCGTACGCGA)z 34.0(-5.5) 1.31 x 10° 82(+) (1.49 £0.05) x 1072
11 d(TCGGAATTCCGA), 23.0(—1.5) 1.33 x 10° 90 (+) (5.75£052) x 1077
12 A(TCGGTTAACCGA), 22.0(—2.5) 1.15 % 10° 95 (+) (7.03 £097) x 1072
13 d(TCGGGATCCCGA)» 28.0(—4.5) 1.35 x 10* 98.4 (+) (292£0.13) x 107!
14 d(TCGGGTACCCGA) 27.0(-4.5) 1.32 % 10* 98.6 (+) (294 £ 0.44) x 107"
15 d(TCAGGGCCCTGA), 30.0 (-5.0) 9.59 x 10° 99.4 (+) (5.00£027) x 107"
16 d(AGGGCCCT), 28.0 (—4.0) 5.90 x 10° 97 (+) (135 4+ 0.05) x 107!

Single stranded DNA:

17 dNTP 18(+) (2.50 £ 0.10) x 107°
18 d(GGG) <5(+)

19 d(CCC) <5(+)

20 d(TCAGGGCACT) 81 (+) (4.87 £0.09) x 10

“ Determined at 18 °C, error <5% in all cases, ” The 0.3 mM Cu-L1, 2 mM base pairs DNA, in MOPS buffer (20 mM, pH 6.5), at 5 °C. One mM 1,
and 8 mM 2. The ee values are the average of two experiments, >80% conversion to 3 after 60 h unless noted otherwise, “ Endoexo >98:2.
¢ Performed under standard kinetic conditions. [Cu—L1] = 0.10 mM, [1] = 6.0 x 107% mM, [2] = 1.5 mM., temperature 18.0 °C. All measurements
were performed 3x. “ Not determined because a new complex was formed according to UV—vis spectroscopy. / Not determined because an irregular
change in absorption was observed upon titration of oligomer.  Conversion 7%. ” Conversion 15%.

J. Am. Chem. Soc. 2008, 130, 11783-11790
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Table 1 | Reaction optimization and substrate scope.

Sou?t
_Cu

(

(

N ()
N
N _ + HO0
\
R R2
1a-1f
aR'=Me, R2=t-Bu
bR'=Me, R?=Me
N o d R'=Me, R?=n-pentyl

2a-2f

eR'=Me, R2=/-Pr
fR'=Me, R2=Ph

DNA Catalysis

LmrR

L1:

=4

/

L2: n=2, R®=3,5-dimethoxyphenyl
L3: n=3, R®=3,5-dimethoxyphenyl
L4:n=2, R®=1-naphthyl
L5: n=3, R®= 1-naphthyl

Entry Starting material Product Ligand Reaction time (h) Conversion* (%) ee. (%)
1 la 2a L1 24 14 19 (R)
2 1a 2a L2 24 55 72 (R)
3 1a 2a L3 24 20 24 (R)
4 1a 2a L4 24 36 55 (R)
5 Ta 2a L5 24 24 20 (R)
6 1a 2a L2 2 33 62 (R)
{7 1a 2a = 24 20 42 (5)
8 1b 2b L2 v 100 28

9 1c 2c L2 7 100 3

10 1d 2d L2 7 75 47

n Te 2e L2 7 vl 60

12 f 2f L2 24 (0] n.d.

Standard conditions: 5 °C, 20 mM MES buffer, pH 5.5, 15 pmol 1 (1mM}, 1.3 mg ml~" st-DNA (2 mM base pairs), 0.3% mM ligand, 0.3 mM Cu(NO,),, unless noted otherwise. *Determined by 'H NMR
spectroscopy. 'Determined by HPLC using a chiral stationary phase. 10.14 mg ml " st-DNA, 0.039 mM ligand, 0.03 mM Cu(NO,),. n.d. = not determined.

Nature Chemistry 2010, 2, 991-995
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(0]
N\
>_€=<H i D0
\ H t-Bu
1a
N (0]

Cu-L2, st-DNA
_ =
—_—

20mM MES, pD 5.5

Cu-L2, st-DNA
_—

-~
20mM MES, pH 5.5

LmrR

T T T T T T T
370 360 350 340 330 320 310
& (ppm)

H
Im tBu R H J
{ ng/'m |
| A Q6 1
| ! ¢ |
AN AV

T T T T T T T
370 360 350 340 330 320 310

8 (ppm)

T T T T T T T
370 360 350 340 330 320 310
& (ppm)

Nature Chemistry 2010, 2, 991-995

11



Author Introduction

Diels-Alder

L/\@\ @ CU L, st-DNA

1a: R'= 2-pyridyl, R’=H
1b: R'= 4-Methyl-2-pyridyl, R’= MeO
1c: R'= N-methyl-2-imidazolyl, R’= H
Friedel-Crafts
[M_\ (—@\ _CuL,stDNA Emé_@\
Cu-L1: R = 4-Me Cu-L7:R=H
20 Cu-l2 R=H Cu-L8: R = MeO
—N N— Cu-L3: R = 5-Me Cu-L9: R = p-tolyl
" T CuleR=6Me Cu-L10: R=Cl
RX 4/ N\ Hr Culs:R=4-MeO
Cu-L6: R = 4-tBu

Chem.Commun. 2012, 48, 2394-2396

DNA Catalysis

LmrR

Conversion” (%) Endo : exo ee (%)

Cu-L  Reactants
Diels—Alder reaction
1“ CuLl 1a 2
27 Cuy-L2 1a 2
3 Cu-L3 1a 2
4 Cu-L4 1a 2
5 Cu-L5 1a 2
6 Cu-L6 1la 2
7 Cu-L7 1la 2
8 Cu-L8 1a 2
9 Cu-L9 1a 2
10 Cu-L10 1a 2
11 Cu-L1 1b 2
12 Cu-L7 1b 2
13/ Cu-Ll 1e 2
14 Cu-L7 1¢ 2
Friedel-Crafts alkylation
15% Cu-L1 1d 4
16 Cu-L7 1d 4

Full
Full
Full
Full
Full
Full
23
20
Full
17
25

>99 :

98 :
98 :
95 :
99 :
98 :
89 :
92 :
94 :
92:

\
=3
oo X

92:
99 :
82:

occ«oc-—-t\)-—-u-NN

——
oo

Ju—

99 (+)

90 (+)

89 (+)

40 (-)

95 (+)

92 (+)

60 (—)

79 (-)

28 (-)
T1(-)

> +99¢
—92¢

97 (25.395)
42 2R.3R)

83 (+)
50 (—)

“ Reactions performed with 1 mM substrate, 8 mM 2 (or 5 mM 4),
0.3 mM Cu-L, 2 mg ml~' st-DNA, in 20 mM mops buffer pH 6.5, for

3 days at 5 °C. All data averaged over two experiments.

* Determined

by 'H-NMR. © Determined by HPLC. ¢ Data from ref. 6a. ¢ + and —
sign correspond to elution order on the HPLC (first and second,
respectively). / Data taken from ref. 6b. ¢ Data taken from ref. 8.
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Cu'-L/DNA

Y $ ey
ﬁ S 'S b
74 1a N \© P
o
4 L1

{e]
cu'
' Si’o
~o
st-DNA / Cu-complex assembly

Lsa: R\, R?, R, Ré=H
L5b: R\, R4 R¥=H;
Lsc: R?, R3, R =H;
L5d:R.RY=H;

Lse: R\ R% R*=H;

Chem. Sci. 2013, 4,2013-2017

LmrR
= R
N [ N I\N
I
“ "N
J /|N Sy Z N
R = Y )
L2 L3a:R=H L4
L3b: R=Me
x
N. | =N
l
SNNA N
.
L6
R*=Me
R'=Me
R%.RY = Me
R®=Me
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Entry Cu(NO;); (mol%) Ligand Ligand (mol%) Conversion® [%] Yield” [%] ee” [%)]
Ligand to copper ratio 1 : 1°

1° 15 — - 15 17 0
2 15 — - Full 76 0
3 15 — — 38 0 0
4% 15 L1 15 42 1] 0
5 15 L2 15 45 0 0
6 15 L3a 15 48 5 10
7 15 L4 15 63 10 28
8 15 L5a 15 73 19 37
9" 15 L5a 15 82 11 29
10 30 L5a 30 64 20 59
1V 15 L5a 15 Full 76 0
12 15 L5b 15 35 17 26
13 15 L5¢ 15 56 <5 <5
14 15 L5d 15 83 17 12
15 15 L5e 15 60 13 60
16 30 Lse 30 81 26 73
17¢ 15 L6 15 41 <5 <5
Ligand to copper ratio 2 : 14

18 30 L5a/L2 30/30 80 20 61
19 30 L5a/L3b 30/30 Full 28 76
20¢ 30 L5a 60 62 19 67
21% 30 L5e 60 62 30 84
228/ 30 Lse 60 Full 16 83

“ The experiments were carried out in a glove box, with 1 mM 1a, 1.5 mM base pairs of st-DNA and the indicated concentration of Cu-complex in
deoxygenated 10 mM MOPS buffer (pH 6.5), 2% v/v DMF, for 3 days at room temperature, unless otherwise specified. " Conversions, yields and
enantioselectivities are based on areas of HPLC peaks that are compared to methyl phenyl sulfone as an external standard. All data were

averaged over two experiments. Product 2a was obtained in (1R,5R)-configuration by comparison of the elution order with those reported

previously.” ¢ Reproducibility: ee values and yields £5%, conversions +10%.  Reproducibility: ee values £3%, yields £5%, conversions £10%.

¢ Non-deoxygenated solution without DNA.” Without DNA. ¢ Complex pre-formed in DMF prior to the reaction. " With 2 mM sodium ascorbate.

' 30 mol% (0.30 mM) of isolated Cu-L5a, 0.30 mM of ligand L2 or L3b added after incubation of Cu-L5a complex with st-DNA for 3 h.” 6 days 14
reaction time.
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]

Ny

o
%
0

1a:R= -~ 7
1b:R= .~

Scheme 2 O-H bond insertion with Cu-L/DNA in water and subsequent
decomposition. For 1b: catalytic reaction with 1 mM 1b and 0.15 mM Cu-L5a in

o 0 o
Cu-UDNA, H;0 )\/\‘so
YL

OH

3a:R= 7
3b:R=

fast

o

4a: R=
4b: R=

o
3
i (P
o

NF 5
N

water.

Entry Substrate Conversion” [%] vield” [%)] ee” [%]

1 1c 78 0 n.d.

2 1d 26 0 n.d.

3° 1le n.d. 2 n.d.

454 1e n.d. 40 16

5¢ 1f n.d. 13 51

6¢ 1g n.d. 29 63 (1R,5R)

DNA Catalysis LmrR

O 0 o R—‘
W Cu-L5ale, st-DNA
TN G5 v SN
Lo MOPS buffer pH 6.5 (i TS50 (¢ 80
r.t., 3d, Glove Box o R o R?
1c-g 2c-g

1c, 2¢: n = 1; R'= H, R?= o-tolyl

1d, 2d: n = 2; R'= H, R?= phenyl

1e, 2e: n = 1; R'= Me, R%= phenyl

1f, 2f: n = 1; R'= H, R%= 2-pyridyl

1g, 2g: n = 1; R'= H, R?= p-tolyl

“ The experiments were carried out in a glove box, with 1 mM 1a, 1.5 mM
base pairs of st-DNA, 30 mol% (0.30 mM) of Cu(NO;), and 0.30 mM of
L5a mixed in DMF prior to the reaction, in 10 mM of deoxygenated
MOPS buffer (pH 6.5), 2% v/v DMF, for 3 days at room temperature,
unless otherwise specified. n.d. = not determined. b Conversions,
yields and enantioselectivities are based on areas of HPLC peaks that
are compared to methyl phenyl sulfone as external standard. All data
are averaged over two experiments. Reproducibility: ee values and
yields +5%, conversions £10%. ¢ 30 mol% (0.30 mM) of Cu(NO3),
and 0.60 mM of L5e mixed in DMF prior to the reaction. ¢ With 2 mM
sodium ascorbate.

Chem. Sci. 2013, 4,2013-2017
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Fe'' porphyrin / st-DNA
—_—
MOPS (pH 6.5), 5 °C

PS: R= nBu

Scheme 1. a) Enantioselective cyclopr ion reaction catalyzed by a DNA-based iron porphyrin.
b) Iron(li1) complexes of meso-tetrakis(N-alkylpyridyl)porphyrins used in this study.

Angew. Chem. Int. Ed 2016, 55, 1413614140

LmrR

Table 1: Enantioselective cyclopropanation of 1 with EDA under the
catalysis of iron porphyrins in the presence and absence of st-DNAM

Entry  Porphyrin  st-DNA [mm]  Yield [%6]®  TTNIY  ee [96]"
1 P1 - <3 N -
2 P 6 <3 - -
3 R - <3 - -
4 P2 6 <3 - -
5 P3 - <3 - -
6 P3 6 14£2 9 42
7t P3 6 164 22 40
gl P3 - <3 - -
9 P3 3 2241 14 33

10 P3 1.5 25+0 17 24

n P4 - 3343 22 -

12 P4 6 15+0.5 10 23

13 P5 - 260 17 -

14 P5 6 Mn+£1 b 5

[a] The experiments were carried out with 1 (5 mm), 2 (50 mm), st-DNA
(6 mm in base pairs), and the Fe"" porphyrin (75 pm) in 20 mm MOPS
buffer (pH 6.5) containing acetonitrile (3% v/v) for 5 min at 5°C, unless
otherwise specified. Yields and ee values are based on the areas of HPLC
and GC peaks as compared to those of 2-methyl anisole as an internal
standard. All data were averaged over two or more experiments. Errors
reported are standard deviations. [b] The yield and ee value (reproduci-
bility: 439 ee) of the trans isomer are given. The diastereomeric ratio of
the product ranged from 88:12 to 95:5. [c] TTN = total turnover number.
[d] Metalloporphyrin concentration: 37.5 pm. [e] Metalloporphyrin con-

centration: 7 um.

16
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Table S2. Investigation of the scope of diazocompounds.

2,7-9
2R'=Et
7:R'= Me
8:R'=tBu
9:R'=Bn

P3 / st-DNA
e

20 MMMOPS
pH6.5,5°C

R 10-15

10: R = p-OMe, R'= Et
:R=p-Cl, R'=Et

=H,R'=Et

= p-OMe, R'= Me

=p-OMe, R'= {Bu

15: R =p-OMe, R'=Bn

Scheme 2. Investigation of the scope of the enantioselective cyclo-

[a]

LmrR Boron Enzymes

Entry Styrene Diazo reagent Product DNA [mM] Yield [%])™ TTN ee,,.,
[
1 4 7 13 - 2419 31 -
2 4 7 13 6 4443 59 50
3 4 8 14 - 3 - -
4 4 8 14 6 1245 15 21
5 4 9 15 - <3 - -
6 4 9 15 6 <3 - -

[a] The experiments were carried out with 5 mM substrate and 50 mM diazo compound, 6 mM base pairs of st-DNA

Table 2: Investigation of the scope of st-DNA/P3-catalyzed enantiose-
lective cyclopropanation reactions with 2.¢)

Entry Styrene  Product DNA[mm]  Yield [%]” TTN ee

[%]lbl
1 4 10 - 3+3 4 -
2 4 10 6 32+6 43 50
3 5 n <3 - -
4 5 n 6 4+1 5 41
5 6 12 - <3 - -
6 6 12 6 12 16 53

[a] The experiments were carried out with the styrene substrate (5 mm), 2
(50 mm), st-DNA (6 mm in base pairs), and P3 (37.5 pm) in 20 mm
MOPS buffer (pH 6.5) containing acetonitrile (3% v/v) for 5 min at 5°C.
Yields and ee values were determined by HPLC and GC with 2-methyl
anisole as an internal standard. All data were averaged over two or more
experiments. Errors reported are standard deviations. [b] The yield and
ee value (reproducibility: &3 % ee) of the trans isomer are given.

Angew. Chem. Int. Ed. 2016, 55, 14136-14140

and 37.5 pM of P3 in 20 mM MOPS buffer (pH 6.5), 3% v/v ACN, for 5 minutes at 5°C, unless otherwise specified.
Yields and enantioselectivities are based on areas of HPLC and GC peaks that are compared to 2-methyl anisole as

internal standard. All data were averaged over two or more experiments. [b] of the trans isomers; reproducibility ee's
+3%. [¢] TTN = total turnover numbers.
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Table 1. Results of the Catalytic Friedel—Crafts Conjugate
Addition/Enantioselective Protonation Reaction of 1 with

2a“
OMe entry catalyst [st-DNA] (mM) cunvb(%) eeb(%)
1 [Cu(NO,),].3H20 1 41 <5
2 [Cu(NO,),].3H20 14
3 [Cu(dmbipy)(NO,),] 1 90 59
4 [Cu(dmbipy)(NO,),] 1
s [Cu(phen)(NO;),] 1 71 <5
y 6 [Cu(L1)(NO,),] 1 66 —-53
O . “Typical reaction conditions: 1 (1 mM), 2a (1 mM), Cu-dmbipy (0.15
- ! N mM), st-DNA (1 mM in base pairs) in 20 mM MES pH 5.0 at 4 °C,
Ny ”/\/ for 18 h. "Conversion (reproducibility +5%) and ee values
O (reproducibility +39%) were determined by HPLC.
7 N \_/ MeO OMe
_NphenN 1 J. Am. Chem. Soc. 2016, 138, 16308-16314
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“Typical reaction conditions: 1 (1 mM), 2a=v (1 mM), Cu-dmbipy (0.15 mM), st-DNA (1 mM in base pairs) in 20 mM MES pH 5.0 at 4 °C, for
18 h. "Isolated yields after column chromatography. “Ee values determined by HPLC (reproducibility +3%).
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Angew. Chem. Int. Ed. 2009, 48, 5159-5162
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g O @RMOI%) A EHEER
i Cu™ (15 mol %) Cu™ (15 mol %) Me),
\ T RJV\R' R R
R D CHACO:Me), Wbigih
C2g 1a-h 28
a: R = 2-pyridyl, R' = Ph
b: -N-methylimidazolyl, R
c: -N-methylimidazolyl,
d -N-methylimidazolyl,
e: R = 2-N-methylimidazolyl,
f: R = 2-N-methylimidazolyl, R' = 2-furany!
g: R = 2-N-methylimidazolyl, R' = Me
h: R = 2-N-methylimidazolyl, R' = iPr
Table 1: Results of Diels—-Alder reactions catalyzed by Cu-bPP* (Scheme 1).1! Table 2: Results of Michael addition reactions catalyzed by Cu-bPP*
Entry Substrate bPP* bPP® bPP bPP? bPP* (Scheme 1).")
ee [%]"! ez [%]"! ee [%]"! ee (%] ee %] Entry  Substrate  bPP® bPP! bPP*
(conv.[])  (conv.[%])  (conv.[%]) (conv.[%]) (conv.[5] e 4 ce 9" e [
1 1a <3 (96) 6 (65)¢ 83 (73) 30 (full) 4 (94) (conv. [%]) (conv. [%]) (conv. [%])
M. 1a 14 (i) 1 1b <3 (25 <3 (59 <3015
3 1b <3 (32) 65 (full) 14 (58) <3 (fully 22) >9) (1)
2 1g 66 (70) 86 (85) 65 (90)
4 e 62 (3) 52 (9) 3(7) 3 i 75 (70)
5 1d 39 (8) 23 (10) 404 3 yE <A S
6 e 20 (3) 8 (<3) 3 (21) (19) B4
7 1f 13 (<3) 8 (<3) 9 (<3) [a] Typical conditions: 200 um bPP* and 95 pum  Cu(H,0)4(NO;),
8 1g <3 (full) <3 (96) (15 mol %; bPP* to Cu'" ratio: 2.1) in 20 mm MOPS buffer (pH 6.5) for

[a] Typical conditions: 200 um bPP* and 95 pm Cu(H,0)4(NO;), in 20 mm MOPS buffer (pH 6.5) for
3 days at 5°C, unless noted otherwise. The ee values are the average from 2 experiments and are
reproducible within 2%. In all cases, the (—) enantiomer was found in excess. [b] For the endo isomer,

endofexo > 95:5. [c] 5 mol% Cu?* and 11 mol % bPP.

3 days at 5°C, unless noted otherwise. [b] The ee values are the average
of 2 experiments and are reproducible within 2%. [c] 5 mol % Cu** and
11 mol % bPP".

Angew. Chem. Int. Ed. 2009, 48, 5159-5162 21
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2) 3 D
>
I P R LmiR_X
Cu(NO3); (3 mol%)
Scheme 1. Asymmetric Diels-Alder reaction catalyzed by LmrR_X/
Cu(NOs); complexes in a MOPS buffered solution.

Entry Catalyst Product Conversion endo:exo ee (endo)
b) 1%] %]

1 LmrR_N19C_1_Cu" 4a 24+£3 92:8 53£5 (+)

2 LmrR_M89C_1_Cu" 4a 934 95:5 971 (+)

3" LmrR_M89C_1_Cu" 4a 9841 90:10  95:£1 (+)

4 LmrR_M89C_1_Cu" 4b 56+9 96:4 9341 (4)

5 LmrR_M89C_1_Cu" 4c 97+1 nall <5

6 LmrR_M89C_2_Cu" 4a 5548 63:379  66+2 (-)
C) 7 LmrR_M89C_VI5A_1_Cu" da 89+4 96:4 97£1 (+)

3 LmrR_M89C_DI00E_1_Cu" 4a 384 38:12 40£2 (+)

9 LmrR_M89C_D100E_1_Cu" 4b 142 84:14 21£3 (+)

10 LmrR_M89C_Cu" 4a 30+5 90:10 <5

1¥ LmrR_9_Cu" 4a 2341 88:12  13+4 (4

12" LmrR_Phenanthroline_Cu"  4a 29+8 90:10 2847 (+)

13 Phenanthroline_Cu" 4a 2045 93:7 0

14 Phenanthroline_Cu" 4c full 95:5 0

[a] Typical conditions: 909 Cu(H;0)4(NO;), (3 mol%; 30 um) loading with respect
to LmrR_X in 20 mm MOPS buffer (pH 7.0), 150 mm NaCl, for 3 days at 4°C.
Conversions and ee values are an average of two independent experiments, both
carried out in duplicate. [b] Reaction carried out at room temperature. [c] exo peak
could not be observed. [d] ee exo 90+ 2%. [e] Compound 9 was added 2:1 with
respect to LmrR (wild-type). [f] Copper phenanthroline was added 2:1 with respect
to LmrR (wild-type).

Angew. Chem. Int. Ed. 2012, 51, 7472-7475 22
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Table 1 Results of 1,4 addition of water to «,-unsaturated ketones catalyzed by LmrR_LM_M89C_1_Cu™

Reaction time

Entry Catalyst Substrate Product (hours) Conversion (%) ee (%)
1 LmrR_LM_MS89C_1_Cu" 2a 3a 16 2040 79+ 0
2 LmrR_LM_M89C_1_Cu" 2a 3a 40 67+9 77E2
3 LmrR_LM_M89C_1_Cu" 2a 3a 64 828 75+2
4 LmrR_LM_MS89C_1_Cu" 2a 3a 112 8246 55+3
5 LmrR_LM_M89C_1_Cu" 2b 3b 16 174 72+£9
6 LmrR_LM_M89C_1_Cu" 2b 3b 64 80£9 81+2
7 LmrR_LM_MS89C_1_Cu" 2¢ 3c 16 57+3 67 +3
8 LmrR_LM_M8$9C_1_Cu" 2¢ 3¢ 10 90 + 8 5745
9 LmrR_LM_M89C_1_Cu" 2d 3d 10 10 +5 61 £5
10 LmrR_LM_M89C_1_Cu" 2e 3e 10 <5 nd
11 LmrR_LM_M89C_A11V_1_Cu" 2a 3a 10 7313 70+4
12 LmrR_LM_M89C_V15A_1_Cu" 2a 3a 10 50 & 16 3741
13 LmrR_LM_M89C_F93A_1_C 2a 3a 10 15 = 18 1M*4
11 LmrR_LM_M89C_F93Y_1_C 2a 3a 10 9+4 71+1
15 LmrR_LM_M89C_F931_1_Cu" 2a 3a 10 42+8 7145
16 LmrR_LM_M89C_F93W_1_Cu" 2a 3a 10 17 43 415
17 LmrR_LM_M89C_D100A_1_Cu" 2a 3a 10 28+ 1 <5
18 LmrR_LM_MS89C_D100E_1_Cu" 2a 3a 10 63+9 62+1
19 LmrR_LM_M$9C_D100N_1_Cu" 2a 3a 10 32+ 10 <5
20 LmrR_LM_MS$9C_D100H_1_Cu" 2a 3a 10 18+ 8 <5
Comml expenmcnls

Cu'-Phen* 2a 3a 40 81+2 -
22 Cu'-Phen® 2b 3b 16 67 £ 1 -
23 cu'-Phen” 2b 3b 10 88 L3 —
24 Cu"-Phen® 2¢ 3¢ 10 27+2 —
25 Cu'-Phen® 2d 3d a0 37+4 -
26 LmrR_LM_M89C_1 (no Cu') 2a 3a 40 8+1 —
27 none 2a 3a 40 1243 —

“ Typical conditions: 90% Cu(H,0),(NO;), (3 mol%, 30 pM) loading with respect to LmrR_LM_X in 20 mM MOPS buffer (pH 7.0), 150 mM NaCl, at 4
“C. Conversions and ee values are determined by np-HPLC (conversions are corrected for the difference in molar absorption mefhclenl of starting
material and product, see ESIT). Results are obtained as an average of two independent experiments, both carried out in dupllca[m Reactions
performed with Cu(H,0)5(NO;), without LmrR d significant of side prod “ [Cu(Phen)(NO,),].

Chem. Sci. 2013, 4, 3578-3582 24
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10° 100 Table 1. Results of Friedel—Crafts Alkylation Reactions
i LmR LM f LmrR_LM-Cu(ll)_L1 Catalyzed by LmrR-Based Artificial Metalloenzymes"
8x107 - 8x107 't P
_ . N‘n)l\/\ LmrR_LM
2 2 &_N 1 Cuglly-Lx (9 mol%)
6x10% 4 H 6x10% 4
8 8 + R
> E -
B B 4x102 Vi
$ $ R' a:R'=MeO, R*=R*=H
£ £ 2ag b:R'=momph, R?%=R%H e R'=R%=R%H
2x102 4 ¢: R'=Cl, R%=R'=H f: R'=R=H, R?=Me
d: R'=R%=H, R*=Me g:R'=MeO, R?=Me, R*=H
N, equiv of conversion
[ O et msnarmant entry indole indole product (%) ee (%)°
) ) : - - LmrR_LM € Cu(l1)-L1
8 8 1 22 s 3 ST+7 61 £ 8(+)
§ § 2 2 1 3a ) 75 £ 13(+)
3 2a 05 3 90 + 27 84+ 3(+)
4 2 1 3b 94 4 821
X 5 2 1 3c 19+8 64 + 7(+)
time (ns) 6 2d 1 3d 7942 18 + 2(-)-R
7 2e 1 3e full 94 £ 0(+)-R
. . . 8 2f 1 3f full 93 x1
Protein [Cu(11)-L1) (uM)  Lifetime (ns) o 0s ¥ 921
0 2z 1 3 56 + 25" 811
LmrR LM 0 4.4 LmrR_LM_W96A € Cu(II)-L1
- 11 2a 1 3a 53428 <5
“Typical conditions: 75% Cu(IT)-L1 (9 mol %; 90 gM) loading with
Ler—LM 44 3.5 respect to LmrR_LM or LmrR_LM_W96A, 1 mM 1, 0.5-5 mM 2, in
20 mM MOPS buffer (pH 7.0), 150 mM NaCl, at 4 °C for 16 h (2a)
Ler_LM_W96A 0 37 or 64 h (other indoles). Conversions and ee values are an average of at
least two independent experiments, both carried out in duplicate.
LmrR LM W96A 44 3.7 “Conversions are determined by HPLC and are based on substrate 1.

J. Am. Chem. Soc. 2015, 137, 9796—9799

“Sign of rotation and absolute configuration based on elution order in
chiral HPLC.” “Conversion is based on substrate 2" “Additional
unidentified products were detected (Figure $4).

26
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_LmRMX G
” <,
T ommmors,

150 mM NaCl, pH 7.0

1ad 2
a R'=H, R?=MeQ
b:R'=H, R%=H

c R'=H, R?=C|

d: R'=Me, R%=H

Scheme 1 Scope of the catalyzed Friedel-Crafts alkylation reactions.

Table 2 Scope of the vinylogous Friedel-Crafts alkylation reaction catalyzed by LmrR_LM_X_Cu'*

Entry Catalyst Substrate Product Conversion (%) ee (%)

1 LmrR_LM_M89X_cCu" 1b 3b 16+6 52+3(+)
2 LmrR_LM_M89X_H86A_Cu" 1b 3b 1o 49 +£3(+)
3 LmrR_LM_M8§9X_F93W_Cu" 1b 3b 16+ 6 55 + 3 (+)
4 LmrR_LM_M89X_Cu'" 1c 3¢ 241 2041 (+)
5 LmrR_LM_M89X_H86A_Cu" 1c 3¢ 5+0 29 +0(+)
6 LmrR_LM_M89X_F93W_Cu" 1c 3¢ 31 50+ 2(+)
7 LmrR_LM_M89X_Cu'" 1d 3d 92 + 4 80 + 2 (+)
8 LmrR_LM_M89X_H86A_Cu" 1d 3d 7942 68 £ 2 (+)
9 LmrR_LM_M89X_Fo3W_cCu" 1d 3d 94 +8 83+0(+)

“ Typical conditions: 9 mol% Cu(H,0)s(NO;), (90 uM) loading with 1.25 eq. LmrR_LM_X (in monomer) in 20 mM MOPS buffer (pH 7.0), 150 mM
NaCl, for 3 days at 4 “C, All data are the average of 2 independent experiments, each carried out in duplicate.

Chem. Sci. 2015, 6, 770-776 28
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M89X MB89X_D100E M89X_W96E

Fig. 3 Pre-reactive conformations from molecular dynamics simulations of (A) LmrR_M89X, (B) LmrR_M89X_D100E, (C) LmrR_MB89X_WIEE
and (D-F) LmrR_M89X_V15E. Pre-reactive conformations are defined on the basis of the closeness of a water molecule to the p carbon of the
substrate and the hydrogen-bonding to an aspartate or glutamate residue. Similar pre-reactive conformations are reached in 10% of the
simulation by LmrR_M89X, 10% by LmrR_M89X_D100E, 91% LmrR_MB89X_WSI6E and 31% by LmrR_M89X_V15E (Table S3t). The BpyA-Culi)-1a
force field were with p MCPB for the bonding terms and RESP for atomic charges, both from the AMBER program
package *®

Chem. Sci. 2017, 8, 7228-7235 29
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Table 1 Results of the enantioselective hydration reaction catalyzed by LmrR_X_Cu(i)*

=
i Cne Res P
R Z N/ ———— = N’ »
o OH ©

20 mM MOPS
250 mM NaCl, pH 7.0

1ad 2ad
Entry Catalyst Substrate Product Conversion (%) ee (%)
1 — 1a 2a 1m£3 —
2 Cu(NOy), 1a 2a 83+9 -
3 LmrR_M89X (no Cu(u)) 1a 2a 93 -
a LmrR_M89X_Cu(u) 1a 2a 39+7 2+6
5 LmrR_M89X_D100E_Cu(u) 1a 2a 50+6 30+1
6 LmrR_M89X_D100Q_Cu(n) 1a 2a 35+3 <5
7 LmrR_M89X_V15E_Cu(u) 1a 2a 7549 64+2
8 LmrR_M8§9X_V15Q_Cu(u) 1a 2a 28+5 15+3
9 LmrR_M89X_W96E_Cul) 1a 2a 79+3 6+4
10 LmrR_M89X_W96Q_Cufu) 1a 2a 64£1 61
Substrate scope”
11 Cu(NO,); 1b 2b 86+ 4 -
12 LmrR_M89X_Culu) 1b 2b 37x2 414
13 LmrR_M89X_VI5E _Cu(n) 1b 2b 64 £8 50£2
14 Cu(NOy,), 1c 2¢ 26+ 4 -
15 LmrR_M89X_Cu(n) 1c 2¢ 2444 1945
16 LmrR_M89X_V15E_Cul(n) 1c 2¢ 58+5 14+1
17 Cu(NOy); 1d 2d 37 +12 —
18 LmrR_M89X_Cufu) 1d 2d 17+ 4 2+2
19 LmrR_M89X_V15E_Cu(u) 1d 2d 4545 57+3

“ Standard conditions: 9 mol% Cu(H,0)¢(NO,], (90 uM) loading with 1.25 eq. LmrR_X (in monomer) in 20 mM MOPS buffer (pH 7.0), 250 mM NaCl,
for 3 days at 4 °C. All data are the average of 2 independent experiments, each carried out in duplicate. Errors are reported as standard deviation.
* Conditions the same as in the experiments with 1a.

Chem. Sci. 2017, 8, 7228-7235 30
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ON 150 mM NaCl 0N OH
LmR . OH 5% DMF, pH = 7.4

V15pAF_mod NBD-H 4-HBA Ao om = 29,585 M~ cm™t
Meaic 15,168.89 | + 2 mod
Mevs 15,168.65 N . 4
LmR 151 LmrR V15pAF
M, 14,970.80 % ﬂ?ﬁvm
My, 14,970.62 5 10
x
LmR_mod L os
Meaic 15.105.85 3
Movs 15:105.62 [ 4 mog K
o
o 50 100 150 200 250
“ = ® 1/[NBD-H] x 107 (M) [NBD-H] (uM)
miz (kDa)

Table 1| Catalytic parameters obtained from saturation kinetic studies for LmrR, LmrR_V15Y and LmrR_V15pAF

Hydrazone formation* NBD-ONH, hydrolysis ‘Oxime formation'
ke Kuoon  Ke/ log (1/Ks) ke Kneo-onH, KeaKngo-onw, 108 Lo Knep-ont, KeatKngo-onm, 108
NeD-H 1s) (/Ky}
(x107*s™) (x10* (M7's™) (x107°s™) (x10*M) (M~'s™) (X105 (x10*M) (M~'s™)
M)

VISpAF 2.26 (001) 122(12) 1.85(010) 6.20 5.70(0.32) 181(24) 314 47) 6.26 51.4(2.90) 146 (15) 352 (19) 6.73
VISY  090(0.05) 538(49) 017(0.01) ND 176(0.21) 246 (49) 715(0.73) 562 6.01(0.41) 154 (19) 39.0 (2.50) 578
LmrR  2.20(0.07) 239(12) 0.92(0.02) ND 1.80(014) 230 (29) 7.84 (0.42) 5.66 078 (0.03) 81(8) 9.61(0.58) 518

Catalytic parameters were obtained by fitting the data points from Figs. 3d, 4b and 4c to the Michaelis-Menten equation and are calculated per LmnrR dimer. *Hydrazone formation reactions were
performed at a 4-HBA concentration of S mM. 'Oxime formation reactions were carried out in the presence of 250 M 4-NBA. ‘In the absence of an available K,, for 4-NBA (K. ,.), apparent chemical

were obtained by this term with the ion of 4-NBA under the assay conditions (250 M). As this concentration is well below the K. .., obtained from our studies for
the hydrazone formation reaction, this estimate is likely to accurately reflect the transition-state stabilization. If the K . was significantly lower, the apparent 1/K, would underestimate the true value.
95% confidence intervals are shown in brackets. Kiygo. onsty: K for NBD-ONH;; ND, not determined.

Nature Chemistry 2018, 10, 946-952 33
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95% confidence intervals are shown in brackets. Kiygo. onsty: K for NBD-ONH;; ND, not determined.

Nature Chemistry 2018, 10, 946-952 34




Author Introduction

DNA Catalysis

Kuncat = 0.26 x M5

R Kuncat = 1.70 x 1075 571
| 1 :
. NO, P Nee !
NN LY
| Y - ~. /O A
. =/ | N !
] N 1 :
: |

(0]8 1
@ " NH; :
' NBD-O- ' -
' Afagsnm = 25,700 M~ cm~1  NBD-ONH, !
b

4 | LmrR_V15pAF
2 LmrR_V15Y
@ LmrR
=)
X 2+
W
K
o ‘ i ; g
0 50 100 150 200

[NBD-ONH,] (uM)

250

(4
3+ LmrR_V15pAF
= LmrR_V15Y
@ LmrR
© 2
x
m
- 1
K
O 1

100 150
[NBD-ONH,] (uM)

0 50 200 250

Nature Chemistry 2018, 10, 946-952

A€ 466 nm

1/ Ke (M)

NO, _NOH
N
N
0
-
N
o NO,
NBD-O-
=25700M-'cm~'  4NBAO
107 >
o .
LmrR_V15pAF
0
.
5
10° | ',o‘
@.LmrR_V15Y
0"
o
o LmrR
10° L2 = L
10° 10° 107
1/ Ky (M)
35



Table 1: Results of cyclopropanation reaction of styrene derivatives 1a—c
with EDA (2) catalyzed by LmrRCheme !

entry LmrR 193 Yield[%] TTN 3/4  ee[%]"
1 - la 3a 542 51 08 -
2 LmrR la 3a 25411 247 11 1745
3 LmrR_F93A  1a 3a 2342 232 9 1141
4 LmrR_D100A 1a 3a 38+8 375 20 2445
—_— 5 LmrR_W96A 1a 3a 28413 276 8 <5
Supraimmteculer 6 LmR_VISA 1a 3a 15405 15 3 1741
sesomoy 7 LmrR_M8A  1a 3a 3613 359 15 44412
89  LmR_MSA  1a 3a 45+9 449 6 51414
g 1b 3b 640 59 nd -
109  LmrR_MSA  1b 3b 39+13 391 nd 38459
nd - 1c 3¢ 140 12 02 -

129 LmrR_MS8A 1c 3c 35413 351 3 25+5

[a] Conditions: 1 (30 mm), 2 (10 mm), hemin (1 mol %; 10 pum), LmrR_X
(1.1 mol%,; 11 um) in 50 mm phosphate buffer (pH 8.0), under Ar, at 4°C
for 18 h; Results are the average of at least two independent experi-
ments, both carried out in duplicate. [b] ee of the trans product; trans/
cis >85:15. [c] pH 7.0. [d] ee of the TR, 2R enantiomer.”

HOO

Angew. Chem. Int. Ed. 2018, 57, 7785-7789 36
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Figure 2. Crystal structure of LmrRCheme (PDB ID: 6FUU). The pro-
tein crystallized in a tetragonal crystal form with one polypeptide chain
occupying the asymmetric unit; the functional dimer (here shown in
cartoon representation) is formed by a crystallographic dyad. In the
electron density maps, the polypeptide chain is well defined, except for
the tip region of the f-wing (residues 70-73) and the N- and C-termini
(residues 1-4 and 109-131, including the C-terminal strep-tag). These
regions show a high degree of disorder and were excluded from the
final model. The heme is stacked in between the side chains of W96/
W96’ (for clarity only one of the alternate heme binding orientations is
shown).

Angew. Chem. Int. Ed. 2018, 57, 7785-7789

Figure 3. Representative structures resulting from MD simulations.
a,b) The LmrR-heme system (cluster 3, RMSD with crystal 1.634 A (a)
and cluster 2 RMSD with crystal 2.471 A (b); 400 ns MD simulation).
c,d) The LmrR-heme—-carbene system (cluster 0, RMSD with crystal of
0.548 A (c) and cluster 2, RMSD with crystal of 1.000 A (d); 400 ns
MD simulation). e, f) The cyclopropanation transition state (with LmrR
(e) and with LmrR_M8A (f); 100 ns MD simulation).
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B :
Oy pAF15
O-N LmrR_pAF variant O*N
NI\ \ n (cleared lysate) ’\ Trp9é
“NH, ¢ Alat11
50 mM NazHP04 \
O,N 150 mM NaCl OH Asn19
H 5% DMF, pH=7.4
NBD-H (50 uM = 1 em Alag2
-H (50 uM) 4-HBA (5 mM) At4730m = 29,585 M- cm
Phe93
c D
LmrR_pAF A92R_ATIL A92R_N19M_FO3H_A11L @LmR_pAF_RUHL
(Keat/ Ki)app 4.7-times 74-times T 4| ®LmrR_pAF_RMH
1.850.10 M-'s! 8.58 £ 1.04 M-1s! 132+ 3 Ms! e @LmrR_pAF
A o
A92R_N19M )
6.5-times il 2
12.0 £2.6 M-s! A92R_N19M_F93H [y
Y 57-times \3
A92R A92R_F93H 103 + 5 Ms" N 0
improvement: x 2.2 > 3.3-times i
0 25 50 75 100
4.0440.96 M's™! 6.07 £ 1.32 M-'s™! [NBD-H] / pM —>
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Table 2 | Optimization of reaction conditions and mutagenesis study for arti

i LmrR_V15pAF variants o
<\’ N <\’ [_co

Buffer, 48 h, 4 °C

1a 2b 3b A o

Entry Catalysts Yield (%)* dr® e.e. (%)
1 LmrR Cu(u)-phen <1 nd. nd.
2 LmrR Faniling Cu(w)-phen <1 nd. nd.

LmrR_V15pAF Cu(NOs), 14+3 1 57+2/39+1
4 LmrR_V15pAF Cu(n)-phen 54+2 351 98+0/86+2
5¢ LmrR_VI5pAF Cu(n)-phen 651 41 98+0/86+1
& LmrR_V15pAF Cu(n)-phen 40+2 41 98+0/84%1
7 LmrR_VISpAF Cu(w)-phen 1541 a1 98+0/84+0
- LmrR_V15pAF Cu(u)-phen 6x1 41 99+0/77x1
9 LmrR_V1SpAF_W36A Cu(n)-phen 1242 121 82+1/49+2
10¢ LmrR_V15pAF_M8R Cu(n)-phen 3443 41 98+0/81+1
1 LmrR_V15pAF_M8D Cu(u)-phen 61+1 31 96+0/62+2
12 LmrR_VISpAF_M8W Cu(w)-phen 64x3 71 99+0/84%2
13 LmrR_V15pAF_MEI Cu(i-phen 76x2 61 >99+0/88x1
14¢ LmrR_V1SpAF_M8L Cu(w)-phen 8241 61 >994+0/93+1
1l LmrR_V15pAF_M8L Cu(n)-phen 68+2 6:1 >99+0/93+1
16¢ LmrR_V15pAF_M8L Cu(u)-phen 361 541 >99+0/92+0
17 LmrR_V1SpAF_M8L Cu()-phen 15£2 51 >99+0/90+0

equiv. C W th respect to LmrR, LmrR_VISpAF or variants (5mol%; S0sM), 1mM 1a, 10mM 2b, in 20 mM MOPS buifer (pH 7.0, 150 mM
NaCl at 4 °C for 48h, unl d oth Yield and e e. val the average of at least two independent experiments, both duplicate. All error values are given as 5.d. *Yields were
tee (dr). values: by chiral HPLC. n.d., not determined. ‘LmrR (5 mol9%; S0 M), aniline (5 mol%; 50 M) and Cu)-phen (5 mol%; 50 uM).

“Conditions: 1.2 equiv. Cu(s)-ph LmeR_VISpAF or variants (5 mol%; 50 M), 1mM 1a, 10 mM 2b, in 20 mM MES butfer (pH 6.0, 150 mM NaCl, at 4 C
for 48, Reaction with 2 5ol protein and 3moi% Cu()-phen loading. Reaction with | mal% protein 3nd 12molss C in and 0.6mal% Cufv)-phen
loading. The image in the top-right is a close-up of the rR_pAF 6I8N). Catalyt Cpink), and Met8 (red) are shown as

sticks. n.d., not determined.

Nature Catalysis 2020, 3, 289-294 40
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Table 3 | Substrate scope of Michael addition reactions catalysed by LmrR-based artificial enzymes

(o] LmrR_V15pAF variants 0
Cu(n)-ph throli At
Nj)k/m 4 Rz’\/cm u(i)-phenanthroline
<\,N 20 mM MES, 150 mM NaCl z"~-CHO
N pH 6.0, 48 h, 4 °C \
1 2 3a-h

a: R'=Ph, R%=H e: R'=p-MeOPh, R?=CHj

b: R'=Ph, R%=CH, f: R'=p-MeOPh, R?=H

c:R'=Ph, R%=nPr  g: R'=p-Cl, R2=CHjg

d:R'=Ph,R%=Ph  h: R'=3-thienyl, R?*=CHj
Entry Product LmrR_V15pAF + Cu(u)-phen LmrR_V15pAF_M8L + Cu(n)-phen

Yield (%)* d.r® e.e. (%) Yield (%)* dr® e.e. (%)®

1 3a 42+3 - 85+2 35+2 - 85+1
2 3b 65+1 4:1 98+0/86+1 82+1 61 >99+0/93+1
3 3c 32+3 41 98+0/82+1 48+2 51 97+0/85+1
4 3d 56+6 21 61+5/18+2 52+4 24 72+3/12+2
5 3e 72+3 81 99+0/85+1 90+2 91 >99+0/85+1
6 3f 53x2 = 96+1 55+3 — 97+0
i 3g 80+2 71 97 +0/67 =1 88+1 81 98+0/80+1
8 3h 4613 51 98+0/72+2 8212 61 >99+0/81+1

Typical conditions: 1.2 equiv. Cu(u)-phen (6 mol%; 60 pM) loading with respect to LmrR_V15pAF and LmrR_V1SpAF_MB8L (5mol%; 50 pM), TmM 1,10mM 2, in 20 mM MES buffer (pH 6.0), 150 mM NaCl,
at 4°C for 48 h, unless noted otherwise. Yield and e.e. values are the average of at least two independent experiments, both carried out in duplicate. All error values are given as s.d. *Yields were determined

by HPLC. "e.e. and d.r. values were determined by chiral HPLC.

Nature Catalysis 2020, 3, 289-294

41



Table 1. Results of the Tandem Friedel-Crafts/Enantioselective Protonation (FC/EP Reaction) of Indoles with 4

[Q catalyst
<’ 20 mM MES (pH=5)

150 mM NaCl, 4°C, 48h

2a: R Me, R'=H
2b:R = H, R'= -OMe

entry indole product catalyst (uM) yield of 5 (%) e (%)"
1 2b b Cu(NOy), <5
2 2 sb Cu(11)-phen <
3 2b sb LmrR w1 61 2
4 2 b Cu(NO,), + LmeR 86+ 10 <5
s 2b b Cu(l1)-phen + LmrR 58412 —40+2
6 2a Sa Cu(I1)-phen + LmrR 87+ 14 59+3
“Typical reaction conditions: 4 (1 mM), 2a/b (1 mM) in 20 mM MES buffer (pH 5.0), 150 mM NaCl, at 4 °C fcr 72h; results are the average of
at least two independent experiments, both carried out in duplicate. Error margins represent standard devi ined by hplc; + and
indicate which is the major enantiomer peak based on order of elution, first and second, respectively.
a b
Mutant: e (%)FC  ee (%) FCIEP
D100A 631
F93A 6612
A92E 2127
WoEA 6416
Qi2a o8+1 4416
VesA 9521 60s4
wea 8200 45t
V1SA 421 4221
ETA 9% x1 5611

ACS Catal. 2020, 10, 11783—-11790 42



Author Introduction DNA Catalysis

a
o
N\j)l\/\
Q\,N\ 1 /[D [Cu(phen)(NO3),] / LmrR_X
+
5 N 20 mM MOPS (pH=7)
2a 150 mM NaCl, 4°C, 48h
N
W 3: Friedel-Crafts 5a: Tandem FC/EP
S
4
100 —
b c ]
Wild type A92E WA 80 -

ee (%)

000:

ACS Catal. 2020, 10, 11783—-11790 43
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]

j\f\/\ . /[D (1) catalyst 7
i N
H

(2) NaBH,_

1a (5 mM) 2a (1 mM)

AAAGT (k] mol™)

Ayield (%)
+03 <M< +0.5 +4 <0< +8
+02<[J<+03 +2<[]<+4

02<[<+02 2<[]<+2
03<[]<-02 Y 4<[]<2
0.5<[]<-0.3 8<[]<-4
1.0<[J<-0.5 -12<[]<-8

O<-1.0 B<-12

ACS Catal. 2021, 11, 6763—6770

OH
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(a) 100 g yield (%)

-0-ce (%)
90 ) .

----library screening R
80 —rational recombination _ .*~
70

e
60+ .
S0+ "
&

404 |
30N

L18R
-15895G
IM8ON

L18R
S95G
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Table 2. Substrate Scope of Indoles and Enals Converted to entry product catalyst yield (%)b ee (%)°
the Corresponding Friedel—Crafts Products 3a—3i by
LmrR_pAF and LmrR_pAF RGN 1 3a A a2+4 4510
Y (1) LmrR_pAF (A) 2 3a B 74+ 2 870
)J\/\ or LmrR_pAE_RGN ( (B) 34 3b A 2441 58+ 0
T 4! 3b B 346 83+2
3aX=Me, Y=HR= np, OH 5 3¢ A 76+7 3+l
v 6 3c B 957 58+1
R
sdx Me, ¥ = H,R = Ph 7 7 3d A 30 20x1
3eX=HY=HR=nPr X"y 8 3d B 441 13+9
3f X=H,Y=Me,R=n-Pr H ef
3gX=H,Y=O0Me, R=n-Pr 3a-3i 9 3d LR <l -
3hX=H,Y=B;R=nPr 104 3e A 0+1 S50+0
3i X=Me, Y =0OMe, R =n-Pr 1€ 3e B 2742 89+ 1
“Reaction conditions: LmrR variants (20 M dimer concentration) in " N
pH 6.5 buffer containing NaCl (150 mM) and NaH,PO, (50 mM), 8 12 3f A 161 410
vol % DMF, [indole] = 1 mM, [enal] = 5 mM, reaction time 16 h, 13% 3f B 31+3 89 +12
reactions conducted at 4 “C with mixing by continuous inversion in 2
300 pL total volume. Reduction with NaBH, (60 uL, 20 mg mL™" in 14 3g A 242 S5+l
0.5 w/v% NaOH) afforded the alcohol products 3a—3i. For each 158 3g B 4043 89 + 1
entry, two independent experiments were conducted, each in 16" 3h A 1
duplicate. Frrors are the standard deviation of the results thus = 5
obt:uned( Analyucal yjel;is determined using normal phase HPLC [7’ 3h B <1l -
using 3-(3-hydroxypropyl)indole as internal standard. “Enantiomeric +
excess determined using chiral normal-phase HPLC (Chiracel OJ-H 18 3i A 62+ 11 580
3a), AS-H (3b, 3¢, 3f), OD-H (3d, 3¢, 3h, 3i, 3j) or OB-H (3})) 19 3i B 75+9 82+1
“Reaction time 40 h. “LmrR was used in place of LmrR_pAF. /N 2 . i
product could be detected. #50 M artificial enzyme (concentration of 20 3j A 2zl 66£0(S)
dimer) was used, and reaction time was 64 h. "Absolute configuration 21% 3j B 18+2 73+ 1(S)"

asigned by comparison of order of elution on chiral normal| phase
HPLC with enantioenriched d and the li
see Supporting Information for details.

p

ACS Catal. 2021, 11, 6763-6770 46
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Protonation of enolate

oM o
| e I B
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—_— /
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Y,
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up to >99% ee

>20:1 dr, 90% yield

ACS Catal. 2021, 11, 9366—9369

Table 1. Results of the LmrR_V1SpAF/Cu(II)-phen
Catalyzed Tandem Michael Addition/Enantioselective
Protonation Reactions”

) LmrR_V15pAF
N \')k/l’h HyC._CHO  Cu(ll}-phenanthroline <
N + _—
<\/N T 20 mM MES, pH 6.5
~ 16h,4°C
1a 2a
catalyst
yield i
entry (%)” dr ee (%)
1 LmrR_pAF <1 ND ND
2 Cu(I1)-phen <1 ND ND
3 LmrR Cu(ll)-phen <1 ND ND
4 LmrR_pAF  Cu(ll)phen  26%3  3:1  89+0/32%1
5° LmrR_pAF Cu(I1)-phen 142 6:1 93 £0/24 2

“Conditions used: LmrR_VISpAF or LmrR (5 mol %; S0 uM), 1.2
equiv of Cu(II)-phen (6 mol %; 60 #M), 1a (1 mM), 2a (10 mM), in
MES buffer (20 mM, pH 6.5), NaCl (150 mM), at 4 °C for 48 h,
unless noted otherwise. Yields and ee values are the averages of
independent experiments, performed at least in triplicate. "Deter-
mined by HPLC analysis. “dr and ee values were determined by chiral
HPLC. “ee values of major diastereomer. “Reactions carried out for
16 h. Errors represent standard deviations based on at least three
independent experiments. ND = not determined.
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Table 2. Study of Reaction Conditions and Effect of LmrR
Mutations”

Table 3. Substrate Scope”
ocH OCH;
3 LmrR_V15pAF variants
HiC._CHO  Cullirphenanthroline
.

20 mM MES, pH 5.5
16h,4°C

o
N\j/‘K,Fl‘
&—N 1 LorR_V15pAF_M8L [}
~ RZ_CHO Cu(ll-phenanthroline R A
or - .
T 20 mM MES, 150 mM NaCl *_CHO

2a

entry enzyme + Cu(1I)-phen yield (%)" dr® ee (%) Ny i Ph PHS5.16h. 4°C R?
1° LmrR_VISpAF 442 10:1 9940 s z 3ors
2 LmrR_VISpAF 28+3 10:1 99+ 0

3 LmrR_VI1SpAF 16+1 9:1 99+ 0

4 LmrR_V1SpAF_W96A S*1 3:1 1841

5 LmrR_VISpAF_M8W 4041 15:1 99+ 0

6 LmrR_V1SpAF_MSI 5843 18:1 >99

7 LmrR_VISpAE_MSL 65+2 20:1 >99

8¢ LmrR_VI1SpAF_MSL 3B+2 5:1 99+ 0

9" LmrR_VISpAE_MSL 88+ 1 8:1 99+ 0

10° LmrR_VISpAF_MSL 90+ 2 >20:1 >99

“Conditions used: LmrR_V1SpAF or mutants (2.5 mol %; 25 uM),
1.2 equiv pf Cu(II)-phen (3 mol %; 30 uM), 1b (1 mM), 2a (10
mM), in MES buffer (20 mM, pH 5.5), NaCl (150 mM), at 4 °C for
16 h, unless noted otherwise. Yields and ee values are the average of
independent experiments, performed at least in triplicate. "Deter-
mined by HPLC. “dr and ee values were determined by chiral HPLC.
“ee values for major/minor diastereomer. In cases where the dr was
high, the ee of the minor diastereomer was not determined. “5S mol %
of LmrR_VISpAF variant and 6 mol % of Cu(II)-phen. 11 mol % of
Ler_VlS})AF and 1.2 mol % of Cu(II)-phen. “Reaction performed
at 18 °C. "Reaction performed for 48 h. Errors represent standard 3159 5042% yield, >20:1 dr 3g59 7841% yield, >20:1 dr
deviation based on independent experiments performed at least in >99% ee >99% ee
triplicate. The ee of the minor diastereomers are not shown in this

table but in Table 52 of the Supporting Information. ACS Catal. 2021, 11, 9366—9369 48

5 68+2% yield, 5:1 dr 3e BO=5% yield, 9:1 dr
T70+2% ee 99% ee

ee >
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R
HMFO, Oy
NO,
=N,
< P
N
HN.
NH,
7 LmrR_V15pAF RMH NBD-H (2)
/" Expression using
""" stop codon suppression
E. coli K12 MG1655 (RARE)
a:R=0H
b:R=H
o
HoN
2 OH
PAF NH;

Angew. Chem. Int. Ed. 2023, 62, 202214191
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Yield %
N
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a Directed evolution strategy
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Favored pathway

oH OH

> Ph/YSB“ % Ph)\IrOH
o 0

.

B-OH
OH

oH OH
ke Ph)\n/SB” . Ph/\n,OH
0 0

Unfavored pathway (Ri1a (S)-2a

LmrR 8| kg
LmrR 11|
LmrR 15|
LmrR 18|
LmrR 19|
LmrR 22|
LmrR 89|
LmrR 92|
LmrR 93|
LmrR 97|

LmrR 100 |

LmrR 107 |
QacR 96|

QacR 103
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RamR 155 |
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ACS Catal. 2024, 14, 18469—18476
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Y "SBu Y~ “SBu Y” “SBu Y “SBu
OH OH OH OH
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49% ee, E=17 47% ee, E =43 35% ee, E =15 43% ee, E=9
cl
MeO.
o) [
L, o, Uhe G4
Y~ “SBu Y “SBu Y~ “StBu
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H Cl - OH OH
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A In vitro approaches to construct noble-metal ArMs B ncAAs for ArM design
M]
= .
¢ M N ] N Mo
L SH 2 o N
]

X

y HQAla
ArMs via covalent attachment ArMs via supramolecular assembly M =Cu, Zn R

This work: in vivo incorporation of a ligand for noble-metal ArMs

Noble metal
e.g. Aull)-precursor
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A £ iB
& qub SH SlAu]
<& 8‘4\ /‘/
&7 &/ 7/ 2
S Au(SMe,)CI (2.0 equiv.
& &S u(SMe;)Cl (2.0 equiv.)
25 s 50 mM NH,HCO,, p
RuCp(MeCN)3PFg pH 7.8, RT, 60 min B
[Ru(p-cymene)Cl,], Hs [AulS
[Ru(benzene)Cl,], €0
[Rh(COD)CI], =218 [LmrR]+[Au]
318
Pd(OAC), '§ § 50 15246.1 Da
AgNO, = :40
frcpeeLl, 8igy
PtCl, g1 E
® 20
PY(DMSO),Cl, 8 10
Au(SMe,)Cl 0l anha, e
14900 15000 15100 15200 15300 15400 15500
NaAuCl,
0 Mass (Da)
€ 15 ;
—— 1.0 equiv. [Au] 1.5 equiv. [Au]
_ 2.0 equiv. [Au]
0.5 equiv. [Au] | | —— 25equiv. [A4]
apo (dimer) \ —— 3.0 equiv. [Au]
s . —— 3.5equiv. [Ay]
210 —— 4.0 equiv. [Au]
.5+ Bk, -
240 250 260 270 280 290 300 310 320 240 250 260 270 280 290 300 310 320
Wavelength (nm) Wavelength (nm)
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Table 1: Hydroamination reaction catalysed by different LmrR variant-
sl

LmrR variant (dimer)

B Au(SMe;)CI - i
1 B Vs
:/\\\\\ MOPS (pH 5.0), 37 °C, 16 h [ I )

1 2

Entry LmrR variant Au equiv. TON

1 LmrR_V15pSHF 2.0 equiv. (20 uM) 56+12
2 LmrR_V15pSHF 1.0 equiv. (10 uM) 0£0

3 LmrR_V15pSHF - 0+£0

4 No protein 2.0 equiv. (20 pM) 4+0

5 LmrR_WT 2.0 equiv. (20 pM) 2144
6 LmrR_V15C 2.0 equiv. (20 pM) 9+1

7 LmrR_V15Y 2.0 equiv. (20 pM) 17+£3

[a] Reaction conditions: 1 mM substrate Ta, 1 mol% ArM, 20 mM
MOPS, 150 mM Nacl, pH 5.0, 2.6 %v/v MeCN, 37°C, 850 rpm, 16 h.
Yields and conversions are obtained by GC-FID using mesitylene as
internal standard. Results are obtained as an average of two
experiments, errors are given as - (standard deviation).
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NH, Ph LmrR variant (dimer)
& Au(SMe,)CI (2.0 equiv.) Iy
MOPS (pH 5.0), 37 °C, 3 h @/)_P"
6 7
60q -®-- LmrR_V15pSHF_A11L
o LmrR_V15pSHF L me -
501 v LmR visc
40] A LmRoWT 7
g ¥
- 30
] L4 y °
> - ®
20 c
' L g
'4. L
10] / o 2.0+
e
I 1.54
20 40 60 80 100 120 140 160 180
t(min)

Scheme 3. Time course of gold ArMs catalysing the intramolecular
hydreamination of substrate 6a. Relative activity of LmrR variants,
displayed by yield of 7a over time. Reaction conditions: 200 yM
substrate 6a, 5 pM LmrR variant, 10 yM Au(SMe,)Cl, 20 mM MOPS,
150 mM NaCl, pH 5.0, 2.6%v/v MeCN, 37°C, 3 h. Results are obtained

0.5

Relative rate vs parent
i
o

0.0

as an average of two experiments, and errors are given as = (standard

deviation). w
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NH LmrR_V15pSHF (A) or
™ 2
g2l LmrR_V15pSHF_A11L (B) (10 pM)
!
=
R p Au(SMe;)Cl (20 pM)
1:R'=H R
6:R'=Ar
H H H
N cl N N
Vi Vi Vi
O,N MeO
2a 2c 2d 2e
A 67 £ 0 % yield A 34 £ 2 % yield A.39 % 3 % yield A 65+ 0 % yield A 44 £ 1 % yield
B 42 £ 2 % yield B 22 + 0 % yield B 13 £ 0 % yield B 5213 % yield B 32+ 3 % yield
A SBtO%yleId ~32t7%yleld A Tt?.%yleld “3335%yleld A 3912% yield
B 44 £ 8 % yield B 42 £ 8 % yield B 16 £ 1 % yield B 48 £ 1 % yield B 43 £ 2 % yield

Scheme 4. Substrate scope of the of various 2-ethynyl anilines with LmrR_V15pSHF-Au and LmrR_V15pSHF_A11L-Au. Reaction
conditions: 1 mM substrate, 10 yM LmrR variant, 20 uM Au(SMe;)Cl, 20 mM MOPS, 150 mM NaCl, pH 5.0, 2.6 %v/v MeCN, 37°C, 16 h. Yields
are obtained by SFC using 2-phenylquinoline as internal standard. Results are obtained as an average of two experiments, and errors are given as

+ (standard deviation).
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b) 2.0 mol% catalyst loading
(reaction time = 72 h)

Table 1: Results of artificial metalloenzymes catalyzed the formation of

3aa from 1a and 2a and control reactions.” oo -
80% 0% z
. it = o 1.7-foldd 0% §
: L P, Taw o i
Start point 20% ' g
1a 5.0 mol% catalyst loading LmiR_V15BpyA o% 0%
N N
entry  catalyst yield of 3aa™  ee of 3aa® &7 5\69 myield cee
1 Cu(NO,), 20£2 0 )
2 Cu(NOy); + LmrR_WT 3841 47 £1
39 Cu(Phen)(NO,); + LmrRWT 741 2341
4 Cu(NOy), + LmrR_V15BpyA 8341 9340
5 Cu(NOy); + LmrR_VISHQAla 3041 18+0
64 Cu(NO,), +LmrR_V158pyA 890 96+0
7 LmrR_V15B8pyA 0 /

LmrR_V15BpyA_KK_Cu

[a] Reaction conditions: 2-acetyl pyridine 1a (6.0 mM, 1.5 pmel,
5.0 equiv), trans f-nitro styrene 2a (1.2 mM, 0.3 pmol, 1.0 equiv),
copper precursor (60 uM, 5.0 mol%) loading with respect to LmrR_
WT (60 uM, 5.0 mol%, concentration of dimer) or LmrR_V15BpyA

2 S\
VYIRS \

LLTPYE" g

96

1N Boyatls @
=

=
(60 uM, 5.0 mol%, concentration of monomer), MOPS buffer N> o8 Trees
(20 mM, pH 7.0, 150 mM NaCl), iPrtOH (10% v/v), 4°C, 72 h. [b] The iy W Pheod’

yields and ee values of 3aa were determined by SFC analysis with a (gt( (] / \f/“ &F‘ 5 .
chiral stationary phase using 2-phenyl quinoline as the internal . —
standard. Yields and ee values are the average of at least two @ ) - W7V
independent experiments, and all error values represent standard SP*““ Trp96" f\'s,em,

( Bp;/ﬂ? @
a

o v
el > er93 = _BpyAts’
Q & Rateo T8 [0
LmrR_BVS_KK_Cu ‘ \ /

deviations. [c] Cu(Phen)(NO,),: Lewis acidic Cu(ll) complex of the
ligand 1,10-phenanthroline. [d] MES buffer (20 mM, pH 6.0, NaCl
150 mM) was used instead of MOPS buffer.
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o
PLN LmrR_BVS_Cu (24 uM, 2.0 mol%) N
R + AN\, rRE S ar
X 20 mM MES, 150 mM NaCl (7
3 IPrOH (10%, viv), pH 6.0, 4 °C, 72 h 3
1
o NO, LmrR_V15BpyA_Cu o NO, o NO,
26 + 3% yield, 88 + 1% ee N ]
LmrR_BV_Cu [ = L:
44 £ 1% yield, 94 + 0% ee N N
o LmrR_BVS_Cu 3bakl 3cal®l
92+ 1%yield, 98 +0%ee 97 + 1% yield, 99 + 0% ee 30 £ 6% yield, 92 + 1% ee
o NO, o NO,
N
N N\ ‘ A
L) = Me
3dalel 3eal!
42+ 3% yield, 84 £ 1% ee 70 £ 4% yield, 1.8/1 dr 3l
g 83+ 1% ee (major)  42% 1% Yield, 85 0% ee 79 1% yield, 98 + 1% ee
45 + 2% ee (minor)
B NO, & NO, . NO, 3ae, X = 4-Cl
I 90 + 6% yield, 96 + 0% ee
N AN A
@ J [ ¥o) satx=3c
@ F @ A A 83 + 1% yield, 98 + 0% ee
3acldl 3adl® 4 3ag®, X = 2-Cl
91+ 1% yield, 97 0% ee 62+ 2% yield, 83+ 1% ee 64 +2% yield, 74 + 1% ee

NO, 3ai,R=H
45 + 1% yield, 95 + 1% ee

O 3aj, R = Me
{OR) 83 1% yield, 98 + 0% ee
3ak,R=Ph
>99% yield, 98 + 0% ee 52 + 2% yield, 99 + 0% ee
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3alll
50 + 1% yield, 96 £ 1% ee
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a Previous work
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Proposal
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Suzuki coupling
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