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Problematic points

1. Introduction

* Low functional group tolerance
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2-1. R-SH oxidation (1)-1

Cytotoxic [Ru] complex oxidize GSH to GSSG

_| PFs _| PF;

= NMe, 4: R = NMe,

OH 5: R = OH

H 6:R=H

|Cs9, uM

Complex* A2780 A549 Erea, V
1 (1-Cl) 4 (>100) 3 (>100) —0.40, —1.00
4 (4-Cl) 3 (44) 2 (49) —0.36
Azpy-NMe; =100 14 —1.28
2 (2-Cl) 4 (58) 4 (>100) —0.33, —0.77
5 (5-Cl) 5(18) 6 (56) —0.26, —0.72
Azpy-OH >100 >100 nd?
3 (3-Cl) >100 (>100) =100 (>100) -0.22, -0.74
6 (6-Cl) 39 (>100) 51 (>100) —0.18, —0.67
Azpy =100 =100 —1.31 (vs.SCE)*

(A2780 ovarian and A549 lung cancer cell lines)
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Catalytic oxidation of GSH (10 mM) to GSSG by

4 (100 uM; blue) or 5 (100 UM; red) for 24 h, 37°C
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P. J. Sadler et al. Proc. Natl. Acad. Sci. USA 2008, 105, 11628-11633



2-1. R-SH oxidation (1)-2

(Generated ROS amount)

2. Redox
— 5 1
= (2) .
= ; [Ru] increases cell ROS level
>4 (5)
‘»
5
£ 3 (4)
3 (1)
c
3
2 2 |
S
T H,0,
IR Ru-A  ([(n®-bip)Ru(en)CI]PFe)
= { Ru-B  ([(nf-tha)Ru(en)Cl]PFe)
o Control
“ 0
0 1 2 3 4 5 6 Time /h
Incubation of A549 cancer cells with Ru complex (25 pM) 100
__ 80
5
o
T 60
c
=]
D 40
. . . E'}
Thiol cancels [Ru] cytotoxicity © 20
After 24 h exposure to ruthenium compounds,
Lighter : 96 h recovery for A549 lung cancer cells 0 " "
Darker : same but pretreated to increase intracellular thiol level (1) (2) (4) (5) Cisplatin
(retreated 5 mM N-Ac-Cys for 2 h) (5M) (5M) (1 M) (5 M) (5 M)
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2-1. R-SH oxidation (1)-3

2. Redox

Ru-X is replaced to Ru-SG

(a) Ru-l (b) Ru-CI
Ru-SG
Ru-SG
f\ |
| \ “
I J\ After 1 h |
S incubation 310 K Mo
" Ru-l
|\
i
| Ru-SG IF\ Ru-Cl
| b
e Initial o g
Chromatogram
p | Ru-cI
i Ru-I |
|
| | |
H P H | JW\ “
o C NoGsH e
0 10 20 30 0 10 20 30
time /min time /min

HPLC-analysis
Reaction of GSH (5 mM) with 4 (Ru-I) (a)
and corresponding chlorido complex (50 M) (Ru-Cl) (b)
(10 mM phosphate buffer (pH 7.9), 95% H20, 5% MeQH)

After 1 h incubation at 37°C, GS™ adduct is major peak
and peaks of starting material have disappeared.

Proposed catalytic cycle

-\
IS
N
"Ru/ RS>
N——N
| |
H SG
v,
GSH
GSSG

*X is initially I, which is displaced GS™ during the early stage
**]-Catalyzed Decomposition of H202
J. C. Hansen, J. Chem. Educ., 1996, 73, 728-732
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2-1. R-SH oxidation (2)-1

2. Redox
Allylcarbamate cleavage by Ru(cod) complex
N u
{ g Table 1: Catalytic cleavage of allylcarbamate 2a to p-methylaniline with
= [Cp*Ru(cod)Cl].*!
$2 [Cp*Ru(cod)CI] (1; 10 mol%) R? Entry Thiol Solvent Atm. T Yield
N O , > \ :
ROY N PhsH (5equiv) RNy 1 PhSH MeOH/H,0 air RT 89%
0 MeOH / H,O (95:5) ! 95-5
2 7(0.2M) RT, overnight 3 (95:3)
2 PhSH MeOH air RT 93 %
H H 3 PhSH MeOH/H,0 argon RT  96%
N__ O N__O 2 g 9
Jegaaiieon ae
cl © 4 no thiols MeOH/H,O air RT 0%
2a86%" 2b 85% )
o (95:5)
/\/H O Ph ?ﬂ o 5 PhSH and MeOH/H,O air RT 93%
Ph :ljr = R g PhCH,CH,SH (95:5)
O ; o
2 ooyl 87, 6 PhCH,CH,SH MeOH/H,O air RT  34%
(95:5)
7 PhCH,CH,SH MeOH/H,0O air  37°C 67%
yield determined by GC-MS (95:3)

*Presence of excess thiol, no negative influence observed
yield determined by GC-MS

Obtain as byproduct PhS-SPh
9
E. Meggers et al. Angew. Chem., Int. Ed. 2006, 45, 5645-5648



2-1. R-SH oxidation (2)-2

2. Redox

Reaction occurred in cell extract, HelLa cell and E.

(o] H2N
[Ru], RSH
_ﬁ

Xy 2.5h,37°C

Entry

Carbamate 4

Cell Extract + GSH
[Cp*Ru(cod)CI]
PhSH

Yields of 5

Entry 1: 4 (0.5 mM) in DMSO/H20 (1:1)

Entry 2: 4 (0.5 mM) in DMSO/cell extract (1:1), and GSH (3.5 mM), pH 7.0

Entry 3: Same as entry 2, but with [Cp*Ru(cod)Cl] (100 smuM)

Entry 4: Same as entry 2, but with [Cp*Ru(cod)Cl] (100 s{1M) and PhSH (3.5 mM)
*Yields determined by fluorescence intensity

o
. [Cp*Ru(cod)Cl], NaCl (300 mM) ~

N

20 mM phosphate buffer (pH 7.8)
/{/\ r
3h,rt

Histone H2B-Lys27(N-alloc)Lys in E. coli
P. G. Schultz et al, Chem. Commun., 2010, 46, 5506-5508

coli

0 min 15 min

0 min 1.8 min 2.2 min 5 min

Fluorescence imaging of Hela cells
a) and b): preincubated with 4 (100 M) for 30 min, washed with PBS
buffer, then treated with [Cp*Ru(cod)Cl] (20 sM) and PhSH (500 spM)
a) right after this addition
b) after 15 min

c)—f): preincubated with 4 (100 muM) for 30 min and at same time with
membrane carbocyanine dye DilC18(5). After washing with PBS buffer,
cells were treated with [Cp*Ru(cod)Cl] (40 M) and PhSH (100 mpM)
c)  right after this addition
d)—f) after the indicated times.

No cytotoxicity observed (no{figure)
E. Meggers et al. Angew. Chem., Int. Ed. 2006, 45, 5645-5648



2-1. R-SH oxidation (3)-1

2. Redox

Photoactivatable catalyst

A u

thermal catalyst (1)
previous work

photoactivated catalyst (2)
this study

2 with hv (5 min) or 1 (no light)

0
10 mol% 1
R1.NJ\O/\/ > FQ‘N'H
o PhSH (5 equiv) R?
R® 2. 4 DMSO, RT, air 4a-d

H H
Jonaalonan
O al O

3a 81% (86%) 3b 83% (85%)
Ph
1o A
o O

3¢ 70% (94%)? 3d 81% (87%)

yield (%)

2 (0.1 mM) N O NH,
DMSO:1 mM phosphate O ‘
buffer (pH 7.25) = @0 7
Sxae

37°C, 10 min, hv (A 2330 nm)

5(0.5mM) 6 (fluorescent)
(non-fluorescent)

entry amt of cat. (mol %) thiol yield (%)b
1 none ME 0.5 +0.1
2 20 none 1.2 + 0.3
3 20 ME 13 %2
4 20 Cys 14 + 2
5 20 PhSH 93 +4
6 20 ME + PhSH 90 + 3

B-mercaptoethanol (ME), PhSH, and cysteine (Cys) were all 5 mM
Yields determined by fluorescence intensity
(rhodamine 110: Aex 488 nm, Aem 520 nm)

100+
80
60
Reaction dynamics
404 e pyrene release
o rhodamine 110 formation 2 (0.1 mM), 5 (0.5 mM), B-ME (5 mM), PhSH
204 (5 mM), DMSO/H20 (1/1), hv (A 2330 nm)
Yields determined by fluorescence intensity

(pyrene, Aex 319 nm, Aem 390 nm;
rhodamine 110, Aex 488 nm, Aem 520 nm)

T T T L L
0 36 60 90 120 150 180
time (s)

E. Meggers et al. Organometallics, 2012, 31, 5968-5970



2-1. R-SH oxidation (3)-2

2. Redox

Inside Hela cells

A
H,N NH,
_Zh o ‘
“Pnsh o ©0
5 (non-fluorescent) 6( Huorescent) after wash

[Ru], PhSH [Ru], hv 10 min

Figure 2. Confocal fluorescence imaging of [Cp*Ru(pyrene)]|PF4
induced uncaging of the bisallylcarbamate-protected rhodamine 110
(5) inside HeLa cells. HelLa cells were incubated with caged
rhodamine 5 (100 M) for 25 min and then washed with PBS buffer.
(A) after the washing step; (B) after the addition of ruthenium
complex 2 (20 #M) and a 10 min incubation time; (C) after the
addition of ruthenium complex 2 (20 yM) and thiophenol (1 mM)
and a 10 min incubation time without photolysis; (D) ruthenium
complex 2 (20 uM) added and photolyzed for 10 min with 1 >330
nm; (E) ruthenium complex 2 (20 yM) and thiophenol (1 mM)
added and photolyzed for 5 min with 4 >330 nm; (F) ruthenium [Ru], PhSH, hv 5 min [Rul,PhSH, hv.10 min
complex 2 (20 #M) and thiophenol (1 mM) added and photolyzed for ¢ v . 2
10 min with 4 >330 nm.

12
E. Meggers et al. Organometallics, 2012, 31, 5968-5970



2-1. R-SH oxidation (4)

2. Redox

Ar-Ns reduction by FeTPP and R-SH

A) Ph
Ph Ph
Ph
N3 [FeTPP]CI (1 mol%) NH,
HO/\“/SH (5 equiv)
CH,Cl,/MeOH (95:5), 30 °C, air
R
1a: R =Cl 2a: 86% (76%l)
1b: R =NO, 2b: 76%
1c: R =CH; 2c: 83%
1d: R = OCHj; 2d: 93%

B)

[Fe(TPP)CI] (1 mol%) R’ = N3 (1e)
HO/\/SH
(5 equiv) 58% R' = NH; (2e, MS-275)
Scheme 1. [Fe(TPP)]Cl-catalyzed reduction of aromatic azides to amines with
thiols. A) Reduction of simple aromatic azides. B) [Fe(TPP)]Cl-catalyzed for-
mation of the anticancer drug candidate MS-275. [a] Only 0.05 mol% [Fe-
(TPP)ICI used in the reaction.

2a/%

PASEA O\QO\@’@*C}‘@O\

Q‘Q Q‘?‘ L& & QQO &
N S SLE €L Qe'\ &
\ & & X «° {(@\

Figure 1. Comparison of different metalloporphyrins for the catalytic reduc-
tion of aromatic azides with thiols. Shown are isolated yields of 2a. TPPPy:
5,10,15,20-tetra(N-methyl-4-pyridyl)porphine, TPPCl: 5,10,15,20-tetra(o-di-
chlorophenyl)-21H,23H-porphine, TPPE: 5,10,15,20-tetraphenyl-21H,23H-por-
phine modified with ethylene glycol chains, TPPF: 5,10,15,20-tetra(penta-
fluorophenyl)-21H,23H-porphine, PEt: 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine, TPPOMe: 5,10,15,20-tetra(4-methoxyphenyl)-21H,23H-porphine.
Reaction conditions: azide 1a (1 m), B-mercaptoethanol (5 equiv), and metal-
loporphyrin (1 mol%) were reacted in CH,Cl,/MeOH (95:5) for 30 min at

30 C. See the Supporting Information for more details.

13
E. Meggers et al. ChemBioChem 2012, 13, 1116-1120



2-1. R-SH oxidation (4)

2. Redox

Reductant scope Ar-N3 were reduced in cell
Ng . o) . Ng B 4.
5 [Fe(TPP)CI]
g RSH
3 4
nonfluorescent fluorescent
Table 1. Influence of biorelevant reaction conditions on the catalytic re-
duction of rhodamine bisazide 3 by [Fe(T PP)CI].™
[Fe(TPP)CI] [mol%]  Thiol Ascorbate [mm]  Yield [%]™

1 5 ~ - 024+0.1 Figure 2. [Fe(TPP)Cl]-induced reduction of bisazide 3 to fluorescent rhoda-
5 s Cys (5 ) - 13'i2 ' mine 110 inside Hela cells. A) Superimposed phase contrast and confocal
3 s CyS 5 mM) 10 4043 fluorescence images. Hela cells were pre-incubated with bisazide 3

Vel FIM (100 pum) for 25 min, washed with PBS, and subsequently treated with [Fe-
4 5 Cys(15mm) 10 7745 B

Y (TPP)CI] (10 um). See the Supporting Information for more details. B) Quanti-
5 5 PhSH (5 mm) 10 85+ 5 "

i P o 5 fied time-dependent increase of fluorescence emission within the cellular

& Y& (o o) ' s cytosol of Hela cells upon [Fe(TPP)CI] addition (@) and the corresponding
7 B Cys (5 mm) 10 23+05 time-dependent fluorescence in the absence of catalyst (o). The image anal-
[a] Bisazide 3 (0.5 mm) was treated with the indicated amounts of [Fe- ysis was performed on regions of interest (ROIs) for eight individual Hela
(TPP)CI] in DMSO/phosphate buffer (1:1, 20 mm, pH 7.25) at 37 'C for 1 h. cells with the software Imagel. The fluorescence evolution was analyzed for
[b] Standard deviations from three independent experiments. [c] Reaction eight different Hela cells. The data for the catalytic reaction were fitted to
performed in DMEM instead of phosphate buffer. [d] In the absence of an exponential equation with the exponent being the rate constant [s~'] of
[Fe(TPP)CI] the yield is only 1%. the intensity increase.

Fluorescence were observed in vivo, due to reductive metabolism of Ar-Ns3

Figure 3. Activation of bisazide 3 in vivo. A) Adult C elegans nematode in-
cubated with bisazide 3 (25 um) in M9 buffer with 1% DMSO for 20 min,
before being pelleted, washed with M9 buffer (1 mL), concentrated to

100 pL by decanting, placed on a slide, and treated with one drop of 10%
azide, followed by fluorescence imaging. B) 2.5-day-old transparent zebrafish

embryos incubated with bisazide 3 (100 pum) for 30 min followed by fluores-

nametode zebrafish cence imaging. 14

E. Meggers et al. ChemBioChem 2012, 13, 1116-1120




2-2. Reduction by HCO:zH (1)

2. Redox
Reductive alkylation by [Ir-H] and HCOz Lysine groups and o

N-terminus i |

/Ir< 80,
H20 N/ |

) X NoMe

+ HJLR R »  Proteini—N""R
NHz (1 miy 50§Mm2:§&z:3ﬁer "

2+ +
A 1
= | X = | X
Ns HCO, Ny
2- 2-
/ir\N ) 804 %& /|I'\N p 304
NNy NNy

1a: X=H

2a. X=H
1b: X = OMe 2b: X = OMe
1¢: X = CO,Et 2c: X = CO,Et
1b was best
(1a afford small amount of 2a,
1c gave no product(data not shown))
a 20 uM 1b
25 mM HCO;Na H
Lysozyme + Ph\f\CHO FhWN—g
50 mM KaHPO, bufier
3a (104M) eI pHm,zzz ’Cd,1Bh
14428 14309 (+0)
b (+1)| 14547 (+2) c
14665 (+3)
14308
f*ml 14781 (+4)
13600 14500 15400 13600 14500 15400
miz miz

Figure 1. Modification of lysozyme using reductive alkylation. Under the
reaction conditions summarized in (a). a distribution of alkvlated products
results (b). (¢) Control cxperiments lacking catalyst yiclded no recaction
products. Spectra shown are reconstructed from charge ladders obtained
using ESI-MS analysis.

pH 7.4, 22-37 °C

(10-]00 uM)
Table 1. Reductive Alkylation of Proteins Using 4a and 1b?

[1b] T Unmod

entry protein (M) (°C) (%) +1 (%) +2(%) +3(%) +4(%)
I 3a(100xM) 20 22 6 Z 37 25 11
2 3a(100M) 10 37 20 33 29 16 2
3 3a (100 M) 5 37 48 38 31 1 0
4 3a (100 xM) 2 37 84 16 0 0 0
5 3a(10 M) 20 22 15 32 34 19 trace

6  3b(l100M) 20 22 11 19 27 22 12%
7 3c(100 M) 20 37 24 47 27 2 0
§ 3d(100xM) 20 37 85 15 0 0 0
9 Je(100uM) 20 37 59 41 0 0 0
10 3f(100 M) 20 37 70 30 trace 0 0

a Additional conditions: 1 mM 4a. 25 mM HCO,Na. 50 mM K,HPO,.
pH 7.4. 18—22 h. Protein substrates: lysozyme (3a). cytochrome ¢ (3b).
a-chymotrypsinogen A (3c). h. h. myoglobin (3d). ribonuclease A (3e).
and bacteriophage MS2 (3f). Product distributions were determined from
ESI-MS analyses. 2 3b also gave small amounts of +5 (5%) and +6 (3%).

15
M. B. Francis et al. J. Am. Chem. Soc. 2005, 127, 13490-13491



2-2. Reduction by HCO:zH (1)

2. Redox

Aldehyde substrate scope

Table 2. Modification of Lysozyme (3a) By Reductive Alkylation?

Aldehyde/Ketone Unmod (%)  +1 (%) +2 (%) +3 (%) +4 (%)
4b  CH;CH;CHO 72 28 0 4] 0
HO
ac @’C 41 43 16 0 0
o CHO
aa Yo \©’ 6 26 40 23 5
CHO
de ,(o\,\}o,@ 80 34 6 0 0
3
H CHO
af G\Q: 14 41 36 9 0
NOz
o
ag N 100 0 0 0 0
CHO
4h ﬁ)(j 18 46 29 7 0
0
o CHO
4i m\”/@ 33 52 15 0 0
0

@ Conditions: 100 xM lysozyme, 1 mM 4b—i, 20 #M 1b. 25 mM sodium
formate, 50 mM K,HPO,. pH 7.4, 22 °C, 22 h. Product distributions were
determined using ESI-MS analysis.

a 1. 1 equiv DMP 0 b
' CHaCls, 1h i L/J'L
S~y ———— = a0
o n M 2 PEG Precipitaion M°C n
5: MW = 2000 37% conwversion 4j
100 uM 3a I
20 uM 1b
(4] at 1 mM) i o -
- - 1 2 3
25 mM HCO:Na MED{\\\/ ‘;;/’\E Protein S i i
50 mM KzHPO,4 buffer 6 4j'l M
pH7.4,37°C, 15 h ) .
59% overall conversion 5 « s« #

Figure 2. Conjugation of PEG to lysozyme using a simple two-step
procedure. (a) Commercially available PEG alcohols can be oxidized to
afford aldehydes before conjugation to proteins via reductive alkylation.
(b) SDS—PAGE analysis of 6 shows the formation of singly and doubly
alkylated conjugates. Control reactions run in the absence of catalyst (lane
2) or aldehyde (lane 3) afforded no conjugates. MW ladder: 25. 20. and
15 kD (from top). Lysozyme MW = 14.3 kD.

16
M. B. Francis et al. J. Am. Chem. Soc. 2005, 127, 13490-13491



2-2. Reduction by HCO:zH (2)-0

2. Redox
Precedents
o NH
+ 7t I 2
I N
HCO™ €Oz
n—Rb la
H—Rh''(C;Me)(bpy) * NAD(P)* Cy Ow
+ . .
E. Steckhan et al. J. Chem. Soc., Chem. Commun. 1988, 1150-1151 hydride formation
A — \ 5 _
AN i — Rh Rh-0, _NH2
/c:o H—CI:—OH N N— % b
R R (n H- s
H* }" 2 ~N
H.C
1+ 2+ catalyst precursor L |
ﬂ _H % _OH, 2 2+  coordination/kinetic effect
Ru! Ru"\ o _ﬁ -
HH ~0, __NH2 B

HCOO
co,
H0

+ H_l +
O — % e
NG o 8

/\ /\
SO ©-©

A 2
Y. Watanabe et al. Organometallics, 2002, 21, 2964-2969

,Rh
R
% N

dz
=
I
N

1,4-dihydro product - -

3 hydride transfer/insertion
C

-/

R. H. Fish et al. Angew. Chem. Int. Ed. 1990, 38, 1429-1432
R. H. Fish et al. Inorg. Chem. 2001, 40, 6705-6716

*Ir, Ru complex also reduce NAD* to NAD catalytically
P. Stepnicka et al. Eur. J. Inorg. Chem. 2007, 4736-4742



2-2. Reduction by HCO:zH (2)-1

2. Redox

—|+
@ [Ru] complex reduces NAD*

Ru] cat. (0.5 eq), HCO5,™ (12.5 eq)

D,0, pD 7.2, 37°C

Time / min
It UUJL
190
. y = 0.8522x + 0.136 k
R%=0.9992 L \oh
504 130 L 4 W
3
E 151 MUM
c
g 70 Ml ) \
g 10-
2
LM
10 g !
<
00 : : T T IS I IS RS IS IS R |
0.0 1.0 2.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 ppm
time (h) 18

P.J. Sadler et al. J. Biol. Inorg. Chem. 2006, 11, 483-488



2-2. Reduction by HCO:zH (2)-2

2. Redox
Ligand effects Turnover frequency (h?)
+
Hoo HoH O ]
X NH, [Rulcat. (0.5 eq), HCO; (25 eq) NH, @l 0.85
P | | /Ru\
N D,0, pD 7.2, 37°C N HN cl
| |
R R A
_|+
| 0.16
Ru
HN | el
L_NH
_|+
. 1:NAD*:HCO2'=1:2:25 >—©—
I5> 1:4- \l/ Rlu 0.18
% 13 HN™ | i
> NH
g 08" ~
< 06
S 04 >_©_
€ 02
Soo4—— R 0.05
00 02 04 06 08 10 12 14 16 1.8 O/I ~

[NaHCO,] (M) 4<_<o

A549 (lung cancer cells)were tolerant to 2.5 mM HCO2-
(highest concentration in this test, data not shown)

P.J. Sadler et al. J. Biol. Inorg. Chem. 2006, 11, 483-488



H:2 Formation

2-3. Reduction by NADH (1)-1

2. Redox

(mol equiv per mol of NADH)

p-cym

Ability to form hydride complex

N

N

&/N

W 00 ot X0

D)

)
R

1500

=N N=
S @ )
=N N
phen bpm
1
0.8 (/k ST
|
0.6 N on,
» J\]l
HH O >
0.4 [Ir] cat. (69 mol%)
| | NH, 5 mM phosphate buffer (pH7.2)
0.2 N rt
R
0 4
0 500 1000
Time/min

N

H
N NH
»O)Lz

2+
G

Ir.
| oM,

Cpxph

[Ru-H] (also [Ir-H]) reduces pyruvate

0]
Ha?C
3 \[HI\O_
O

Pyruvate

+
rllmb—|
R
CN e
N|

X

[Ru] cat. (1 eq)
NADH (1 eq) Q

> H3°C
H® OH

H,0:D,0=9:1 o

under air, 37°C

Lactate
Ru-Hydride
15 min

ke «
ﬂ 15 min
30 min

Ak

_J

H? .
J_ 1-45"“" Mm

: 45 min
1440 min ,

o]

P.J. Sad

» L__J
JJLL Ru-Lactate 1440 min
_) ) l M 2440 min 2440 min
T T T T T r T “M,m' st :
39 37 35 14 12 10 7 & ppm
20

ler et al., Angew. Chem. Int. Ed. 2012, 51, 3897 —3900



2-3. Reduction by NADH (1)-2

2. Redox
Proposed mechanism of hydride migration
R + R 2+ R 1 #* -
A {(?j _1 @’) —l | O MNH; @ - B w H,’HO
C :> { } 1.4.NA[;: Q:H:)H S \/ %‘:Q) 1,4-NADH

Ring slippage % * %
nfton* i | (| e
B N H{b—_
— R %XBH“ Gl
R_|+ : ."

@ NH, ‘!’u,_.fo NH, /\ ""':::jilain slippage
Bt . ) - J\ "W 6}m NAD » g slippag

N N= ~ N_N "Hz n°ton3
CﬁHﬁ} NAD* C }

%//l;o

Figure S8. Proposed mechanism for transfer of hydride from 1.4-NADH to (4) Ru"

=
Vi,
N
|

Ring Slip Reaction of Cp*Rh complex

! complexes 1, 2, and 4, and (B) Ir'™ complex (7).

Rh
RyP” | “H R,P/. “H R;P/‘\\H

ﬁﬁz

R,P’| ‘D H:P’l D
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2-3. Reduction by NADH (2)-1

2. Redox
[Ir-H] reduces quinones to...?
R
| N/:l: OH, t NADH N o Sk
S = =<

NADHA
NAD*O

Z
2\
o/
&
zI\
Z-—/ =
I
-8
Q

O OH OH
- H* - Hf
0O o OH

Scheme 1. One- and two-electron reduction of a quinone (e.g. benzo-
quinone) leading to semiquinone and hydroquinone, respectively.

0 (0]
SO S &)
H;C CHs ——— et — _/
O 0 9.50 9.00 8.50 8.00 7.50 7.00 20 11 0 ppm
menadione duroquinone low-field region methyl region hydride region
(Vitamin Kz)

Figure 1. '"H NMR spectra showing the formation of complex 2 [(1’-
2 R A ] T C Mes)lr(phen)(H)]+ and its reaction with menadione in [D,]JMeOD/

| [
2 /lr\ £ /Ir\\
] "N 1 “oH, N SH
N N
[ [
- -
1 R=Me 2 R=Me
3 R=Ph 4 R=Ph

22
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2-3. Reduction by NADH (2)-2

2. Redox

[Ir-H] reduces quinones to semiquinone radical

-

| N/Ir OH, stable 20 h~

=

1 NADH reduces 2 quinone

/‘z—

menadione (VK3)

0
R’ R® [ cat., NADH R d i
[r] ca » s Molar ratio \ uroquinone
R? R? Entry 1: NADH: VK, Molar ratio
o)

11 3 25 Entry 1: NADH: Duro
yleld 93% 2 1. 6. 25 5 1. 30: 80
(menadione) 3 1. 30: 80 6 1: 15 40
620067 g=2.0106 \4 1. 60: 120)

Exp, P

54.0
% 28.1 27.4
TON
3.03G ———
3036 H 2056 O 205G ﬂ
CHy Hac CHs /—-
'G
{5 H3C CHs
2036 Hoo 065 2056 O 2056 Entry 1 2 3 4 5 6
3.026
Fi . X-band EPR tra at d 290 K. a) Menadi dical . : ; . .
gure . Thand =T specta & aroun 2) Menadione radica Figure 3. Reduction of menadione (VK,, entries 1-4) and duroquinone
anion (M) generated by the reduction of menadione (1 mm) by )
NADH (0.5 mm) catalyzed by complex 1 or 3 (160 pm) in phosphate (DUFO, entries 5 and 6) by NADH catalyzed by complex 1 (80 pM)

buffer (pH 7.2, 9 h). b) Simulated M~ EPR spectrum with hyperfine

coupling constants. c¢) Durosemiquinone radical anion (D) generated

by reduction of duroquinone (2 mm) by NADH (1 mm) catalyzed by 23
complex 1 or 3 (330 uM) in phosphate buffer (pH 7.2, 10 h). d) Simu-

lated D EPR spectrum with hyperfine coupling constants. P. J. Sadler et al., Angew. Chem. Int. Ed. 2013, 52, 4194-4197



2-3. Reduction by NADH (2)-3

2. Redox
Proposed raction mechanism
a) One electron transfer X 2 (proposed) b) Two electron transfer
LT e T
\Q’ AN - Z 2 NA2 N 16I?IAD+
' = e
‘ 2 l n
N’ "™~0H,
+228
[HPOJ* [HzPOd
<>

+10.4/+11.0

Q
[y
hd

7k
==/

XX/YY is each potential-energy/free-energy difference (kcal*mol?)
by DFT calculation
24
P. J. Sadler et al., Angew. Chem. Int. Ed. 2013, 52, 4194-4197
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3-0. History

3. Pd
] ] Yokoyama etal.
Mizorogi- protein
buffer (pH 8.3)
Heck Yield: 2%
Yokoyama et al. Linetal. Chenet al.
. protein protein protein
Sonogashira buffer (pH 8.3) buffer (pH 8.0), inside E.coli buffer (pH 7.6)
Yield: 25% Yield: ~90% Yield: ~95%
2005 2006 2009 2011 2012 2013
Daviset al. Bradley et al. Daviset al. Daviset al.
Suzuki protein Small molecule protein peptide
ZUKI buffer (pH 8.0) Inside Hel.a céll on E.coli surface buffer (pH 8.0)
Yield: >95% Yield: --- Yied: --- Yield: <48%
Francis et al.
. protein
Tsuji-Trost Buffer (pH 8.5)

Yield: 50-65%



3-1. Mizorogi-Heck reaction 3 pd

K3 peptide of the starting material (a)

)} ® TPPTS (2 mM)

vﬁ‘J Pd(OACc)2 (1 mM)
)i K3 peptide of the reaction product (a)

90 [
0.1 M TAPS buffer (pH 8.3) : . :
K3 tide of wild-t Ras-His (b
1.6 M DMSO (12% v/v) T 80 Pepiosoiuic-ips Rastia )
SOC, 50 h, w/o 02 Yield 2% 70 l

(p-1-Phe)32-Ras-His (13 uM) Al ‘ 1

|
(28% : dehalogenated, ™" | L |
70% : starting material) 50 1 1 ] ! e =Y
N i Lo AU
by protease—>LC-MS/MS Y AL o s b
30 . :
SO3Na 40 45 50 55 60 65 70 75 B0 85
Retention time / min —

z z

. |\ P | Figure 2. The HPLC chromatogram for Lys-C peptides of a) the crude reac-

P SO3Na tion product and b) those of intact wild-type Ras-His, with ultraviolet (UV)
detection at 215 nm. The K3 peptide (17-42) of the biotinylated product
(bF32-Ras-His) and that of the dehalogenated product (iF32-Ras-His) were
eluted as an overlapped peak at 77.9 min.

\>_

TPPTS

4

27
S. Yokoyama et al. ChemBioChem 2006, 7, 134-139

Na0sS”~~




3-2. Sonogashira coupling (1)

3. Pd
HN" “NH
0
HN’LNH 3
S
= N g
N Y ) Pd(OAcR (1.7 mM) )’
O 1ppTS (8.3 m) ;
at CuQOTf (0.7 mM)
0.09 M TAPS buffer (pH 8.3) 2
2.3 M DMSO (18% v/v) ¥ q"*
6°C, 80 min, w/o O
(p-1-Phe)32-Ras-His (13 pM) min, Wre =2 ) ?‘& Qﬁ; f?"@
Yield 25% 4‘@ Qrbrb' .ngb
(13%:dehalogenated) - N
by SDS-PAGE, biotinylated
protease->LC-MS/MS analysis - *prncluct

— = Sonogashira
reaction

Detected by Streptoavidin-HRP

28
S. Yokoyama et al. ChemBioChem 2007, 8, 232-238



3-2. Sonogashira coupling (2)-1 3 pd

o)
RO H H
N N
=N -, Ac” N “Bn
Ac, N\ 2N X| *Pd(OAc), H/\[or
NH N -
/—8: RO 117 2 ll
+ = (0]
HN KoHPO,
1a 28 O sodium ascorbate 3
a 0, a
o 37°C
Bn
Good Suzuki-coupling Ligand in water* —_—————— NN NN | NN ! NN
O)\)\OH HO)\/kOH /N\/\O)\)\O/\/N\ \N/\/\O)\/\O/\/\N/

Pd(OAc), (1 mol%) Ph H
L1 (2 mol%) L1 L2 L3 I L4 I
y o) O
(HO)2 02M phosphate-HCOZH buffer - ENj N

BocHN™ ~CO,H 15eq 37°C, 4 h, open air BocHN” ~CO,H )N\ X 1
95% Lo O NN N
0
/N\/\O)\/ko/\/N\ HO)\/‘\OH HO/K)\OH
L5 L6 L7

And Good Cu-free Sonogashira coupling Ligand Entry la:2a  Pdeligand Ligand  Time yjeq (%)%

) ) .
in organic solvent | 1.05:1.00 20% L1 30 min NR
Pd(0AQ)2 (3 moi%) 2 1.05:1.00 20% L2 30min 59
L1 (6 mol%)

& P g S & ST b
—@— T 3 1.05:1.00 20% L3  30min <5
12eq WeCN. Ny, 7,41 92% 4 1.05:1.00 20% L4  30min <5
5 1.05:1.00 20% L5  30min 29
6 1.05:1.00 20% L6  30min <5
. o , _ . 7 1.05:1.00 20% L7  30min 13
*Described more detail in “3-3. Suzuki coupling (1) ’ sy 7
8 1.00:2.40 30% L2 40min 91

B. G. Davis et al. J. Am. Chem. Soc. 2009, 131, 16346-16347
**Y. —X. Xie et al. Eur. J. Org. Chem. 2005, 4256—4259 bHPLC yield29

Q. Lin et al. J. Am. Chem. Soc. 2011, 133, 15316-15319




3-2. Sonogashira coupling (2)-2

MO N Entry Arl Time Yield (%)?
\ M%N\  Pd(OAc}, -
) S : () ooon
Na;HPO, 1 d oy 1a 30 min 93
sodium ascorbate Q
37°C 8

*Mixture of Ar-l, Pd complex, and sodium ascorbate was stirred at 37°C for 60 min to activate

kDa 1 o) 3

82— (o]
o\/\NJ\{o4O/

64— Ari= (7 i

49— | 1n (5kDa), 50 eq

37—

26— <« Ub—-mPEG

(0]
19— " o\/\N)Kéo/}o/
16— Q H n
Y
6— «Ub/HPG-Ub / /\///
P Ub-mPEG
Qig 84%

HPG:homopropargylglycine

Pd catalyst  + - +

Ub HPG-Ub

Pd((;z ()10(3 L:I;/I) v fluorescence

C)2"L2 m i

5 mM sodium ascorbate . . (Figure b, left)
» Centrifugation g +

+42 mM phosphate buffer (pH 8)  (Figure a) Coomassie blue staining
SR AN DMSO (0.1mM), 37°C, 4 h (Figure b, right)
. a) 4 2 3 b) 2 3 1 2 3 koa

HPG-Ub overexpressing E. coli

1 : control (w/o Pd complex)

2 :add 1aand Pd

3 : add preactivated 1a and Pd
(stirred at 37°C, 1 h before adding)

|
2 @ 1b 30 min 83
Me

3 (D~ 1e 30 min 55
4 S i 1d 30 min 86
_o 0.0
5 \C[;r e 240 min 73°
|
6 /O—@—I 1f 30 min 83
7 ~C§—| 19 180 min 73
8 Hooe Qu 1h 30 min 82
9 m@l 1i 30 min 85
10 &c—@—l 1j 30 min 78
11 F—©—| 1k 30 min 79
12 OZN—Q—I 11 180 min 66
OMe
13 | 1m 180 min 60
oMe bLC-MS yield

Q. Lin et al. J. Am. Chem. Soc. 2011, 133, 15316-15319



3-2. Sonogashira coupling (3)-1

3. Pd
Ligand-free, Pd(NO3)2 shows best conversion
Pd source (100 puM)
N ol w or w/o Ligand (200 puM) N(’\/");/‘w Fluor 525
O < sodium ascorbate (1 mM) " -
| N -CHO e
“\/\o/\/°\/\N/</ 2 mM phosphate buffer (pH 7.6) yield:~95%
o " 25°C,1h
GFP-alkyne (10 pM) p-I-Phe-FL525 (100 pM)
JN:|2 \)N\’ \i/
. b
oA NN p En Ligand P r ield(?
LaOMONJZ |:Na0)'\7'\0Na]2 LaOUNHJZ try ga ad d Sou Ce Yleld(k)
L1 L2 L3 1 L1 Pd(OAc) <5
s s 2 127 Pd(OAc), 53
P(PhSO;3Na)3 HzNJLNHZ HN\_)E/”" 3 [3® Pd(OAc), <5
L4 L5 L6 4 - Pd(OAc), 11
5 — NadeCl4 90
6 — PdCly 25
7 —= Pd(NO3), 95
8 L4 Na,PdCl, 82

100

80

@ 9 L4 Pd(OAc), 64

40 I 10 = Pd,(dba)s; 57

5 I 1M L5 Pd(OAc), <5
12 L6 Pd(OAc), <5

. 100 50 20 n 5 2 0 5 bcalculated from sample florescence on SDS-PAGE
Palladium loading/uM 31

(Pd(NO3)2)
P.R. Chenetal. J. Am. Chem. Soc. 2013, 135, 7330-7338

Labeling Yield/%




3-2. Sonogashira coupling (3)-2

3. Pd
H{r\,n}f/\ﬁ. Fluor 525
Pd source (100 M)
sodium ascorbate (1 mM)
yield:~95%
1 X PBS buffer (pH 7.6)
25°C, 1h
GFP-alkyne (10 pM) CuS04 (100 pM)
- BTTAA (500 pM)
@ co, sodium ascorbate (5 mM)
N NN NN o >
¢ ” 1 X PBS buffer (pH 7.6)
\_ Nz-Fluor 525 (100 puM) 25°C,1h
Pd vs Cu
BTTAA
Reaction dynamics Protein deactivation Acute toxicity
0.7 —a— Control
100- = ~e—Pd(NO,),
32 — ;s’-g 06+ -.l.-CufTBT»i\
3 o] B &
2 0. —— Cu/BTTAA 2 S
s 60 u (100 pM) %E_ oF o
D 401 —— Pd(NO,), (100 puMm) u_%’jug) L : o i
H— prl s —a— Control -
8 207 2> —a— PA(NO,),
5 ' g = 041 —e—cu() s aH
=1 0 ¢ o
T T T T T T T - 1 5 g r . y 0‘1 T T T T T T T T T T 1
0 20 40 60 80 100 120 2 "0 @ 3 8 @ 6 0 20 40 €0 80 100 120 140 160 180 200
Timelmin Timedmin Time/min
*Same reaction condition as above *GFP (10 uM) + *Pd(NO3)2 (200 uM) or Cu(l) (200 uM)
Pd(NO3)2 (100 M) or Cu(l) (100 puM) incubate 25°C, 1 h 32

P.R. Chenetal. J. Am. Chem. Soc. 2013, 135, 7330-7338



3-3. Suzuki coupling (1)

NH,
Pd(OAc), * /@
ONa ONal 2

0.2 M phosphate-HCO,H buffer

R=-B(OH); or R-BPin
37 °C, pH 8.0 phosphate

NaQ
=N
& I‘~f>_NH2 + PA{OAC),

Ar-X 4 PhB(OH), P> Ar—Ph SBL-156Ar (1) Na© 2 SBL-156 Coupling Product
37°C, open air
Entry ArX Pd Loading  Conditions Coupling Praoduct Yield (%) Entry R-B(OH), / R-BPin Time Conversion
| Ph
1 QB(OH)Z 30 min > 95%
1 1% 37°C,4h 95
BocHN ™ ~COH BocHN ™ ~CO,H
- P 2 |\,1«34<i>7|3(0H)2 30 min > 95%
2 I 1% 37°C,4h l 98
BocHN™ ~COH BocHN™ "COH 3 F—@—B(OH)Z 30 min > 95%
Cl Ph
3 ! 1% 37°C,4h l 0 4 NC@B(OH)Q 30 min > 95%
BocHN” ~COH BocHN ™ ~GO,H
CH OH
5 |\/|9(3234®7|3(0|-|)2 30 min > 95%
4 I 1% 37°C,4h Ph 94
Bocl IN”™CO BocHN ™ ~CO,H _
\ Ph 6 Q_B(OH)Q 30 min > 95%
CH f@m
% o Ph
5 ! 2% 37°C. 4h % 7 HOOB(OH)Z 30 min > 95%
BocHN™ ~CO.H BocHN ™ ~CO,H
| Ph
(Q/ /@l 8 Sy -B(OH), 30 min > 95%
6 s 1%-10%  37°C,6h /[S o 7
BocHN” “COLH BotHN ™ “COH . OHo P&
H O,
| Bh Hﬁo O\/\\\/E“O 60 min > 95%
o o 2
o ¢*® I o ¢° 1
7 Hoec\/\)LNLW NoCOMH 4% 37°C,6h Hozc\./\)LN%chozH 92
fimBee H o MHBoc 1 O 33

B. G. Davis et al. J. Am. Chem. Soc. 2009, 131, 16346-16347



3-3. Suzuki coupling (2)

3. Pd

Cell-surface labeling (E. coli)

;QR‘\‘Q‘;}
N

R=,:“\/000H
o

| % BOH), O
. g NaHPO,
[Nao 1
..N>_
NH
T S
s NaO
" H,0,37 °C
60 - - 40
control p-I-Phe mutant F > 26
. o W |
b) D 45- L30 3
O 4] B
) - L 25 o
L 35 [© 8
8 ! @
L 30 -20
25 - 8
g ] -15 &
3 oy [l
3 15 - -10 &
Fluorescence observed < 104 R
% ] - Suzuki-Miyaura Labeled Cells L5 <=
N % — Trypan Blue Labeled Cells
» o . . ' v ' ' y 0
0 500 1000 1500 2000

Concentration of Palladium (uM)
34

B. G. Davis et al. . Am. Chem. Soc. 2012, 134, 800-803



3-3. Suzuki coupling (3)-1

3. Pd

QL g QL
BOH); oy~ e " B(on)
1 (see chart) 2 I!'IH
0-—( p ———
Pd(L), (1 mM), o {L3),Pd{OAC)
H 8, 37°C pH 8, 37°C,
g’ ' ={0.10 mM) 30 min 76% (0.1 mM Pd*, 0.5 eq 1)

30 min

NMe,
NM =)

Yields: see chart | |
L HaN"NH
~ONa

ADHP (L1) DMADHP (L2) DMG (L3) TMG (L4) 4010 mM) .

>25% (0.3 mM Pd®, 10eq 1}
mLu B2 L3 W L4 A(p-1-F)VNTANST 70% (1.0 mM Pd", 2 eq 1)

100 pIPhel

(0,10 iy
(p-1-F)VNTANST

VNTANST sequence :
Comprehensive carcinoma homing peptide

35
B. G. Davis et al. J. Am. Chem. Soc. 2013, 135, 13612-13615



3-3. Suzuki coupling (3)-2

3. Pd

18F« « « PET tracer, t1/2=109 min
/ <1 h total reaction time is desired for PET

(a) B2(OH)4, 8
H'8F, K,COs, Pd(dppf)Cl,

145°C, 0°c: oF p:Phez - -
20 min ['8F17 20 min [18F]1 . | ”
RCY 15 - 44% RCY 28 - 39% 4 (0.40 mh) RCY 33 %

(RCP>95%) (RCP>95%) 12 (RCP>95%)
|
b o ; 0 ; s el
['*FN RCY 83 % 5 : e re :
-0 0 O (RCP>95%) plPhel . — P W )
9 (0.1ngVI) —“Pd(u)z 10 .
PR, 37°C. O | 13 RCY48%
07 30 min o) 18F 5(010mM) o O (RCP=95%)
NH _— RCY 87 %
o—( ' 0 (RCP>95%)

3 (0.10 mM) 11

44 RCY 2-5%
(RCP>95%)

18F-DG whole body PET imaging

st o s 36
Source:wikipedia, 782 b1/ BT &% B. G. Davis et al. J. Am. Chem. Soc. 2013, 135, 13612-13615




3-3. Suzuki coupling (4)-1

3. Pd

Pd® microsphere synthesis

i

TEM of Pd® nanoparticle

S
'

Toluene, 80°C

o] o]
NH, cl Cl
Y NHFmoc
--Pd(OAc)z >
Nsz Et3N, dry DMF

10% NHzNHz
in MeOH

i) 20% piperidine
in DMF

! ii) Preactivated DYE
PryEtN, dry DMF

Powder XRD patterns

d 2000

Intensity (a.u.)
o
o
o

Mﬁm S e it o] |

| () | Pd® microsphere
\“VWMQ) Pd°powder

*‘W'”MMM'MWW'W (3)

Naked microsphere

35 40 45 50 55 60 65 70 75 80

26 (deg)

37
M. Bradley et al. Nat. Chem. 2011, 3, 241-243



3-3. Suzuki coupling (4)-2 3 Py

. Pd microspheres are taken into cells (24 h, 75%~)

E|;F! {|3F3
G=?=O o=?=o
P s L O O O Phgp”
l = l = -~ “ = | =
~0 dS ~0 0
- a =k ) N

s N 2 *ve / Mitochondria(red) merged
Non-fluorescent Z / Synthesized compound 5(green)

) 5 3 coor
« i N C
Lipophilic __—" o (] e
catiof /) N\ Co = . _
..__r'll IIII," X m
: F

\/ o :5«3 /E JE_=488/540nm
= n: Vi AN
- p— v I { " et
e Lo N S
r . N
HH"" V —a = \x \\
g g N &
= PN 4
\\,_ﬂi’l 4 by o~ ) \}\\\“ |
" S ! !
o E‘o Non-fluorescent 7 (\ ] :
' — P U atochoninon A b Allow: Pd microsphere

(not localized within mitochondria)

EJE, =498/521nm
38

Non-fluorescent " Cytoplasm
M. Bradley et al. Nat. Chem. 2011, 3, 241-243



3-4. Tsuji-Trost Reaction 3. Pd

Also see Mr Suzuki’s Literature Seminar (2013)
( X

4
40 uM Pd(OAc),

480 uM TPPTS |
0.1 M phosphate buffer (pH 8.5-9.0)

OH rt, 45 min
f‘!\/©/ - ?
X s OA
NN . \/©/

Y146, Y171 1 mM
in chymotrypsinogen A 50-65% (by HPLC)

Mainly Y171-alkylated product

¥171 (most accessible) 23670 26287
: 0 +1 M
3
ﬁ 26913
% | | +2 M
Q O/ ¥ 146 (secondaly accessible) Mass (m/z)
N
X= Chymotrypsinogen A
Q
¢
"EBN © NEt, Lys-NH2, Cys-SH and other residue were intact 39

Rhodamine Dye M. B. Francis et al. J. Am. Chem. Soc. 2006, 128, 1080-1081
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4-1. Photo Cross Linking-1

4. Others

{i} Metal complex-mediated reaction

< - P - 2
H M
S | = 0
%) SRS
Fa A o R

|
I
Ru

i A or HisB-Ni2* NPy or

=L )

COOH ]

Gly-Gly-His—Ni* Ru(bipy);** Pd porphyrin

I | L |
0 Ru(lll) Visible light irradiation
+ MMPP : o e Ni(Il) d oxidizing agent or electron acceptor
: oon| Me Pd(lll) [APS, Co(ll1)(NH3)sCI2*]
o 2 Y Y
Tyr, Trp or Cys radicals on peptides or proteins APS : ammonium persulfate
Cross-linking reactions with Tyr, Trp, Cys, disulfide bridge ((NH4)25208)
(ii) Radical generation on Tyr residues at ortho positions
,, Light )
Ru(ll)(bpy)s?* ——=  Ru(lll)(bpy)s2* + SO,Z + SO,
452 nm
OH Ru(lll o] 0 OH ( OH OH OH
a4 T
. H Nearby H H
@ -H @/ Tyr @ﬁf\ Tautomerization
R F
- Ru(ll)
Protein 1 Protein 1 Protein 1 Protein 1 “Protein 2 Protein 1 “Protein 2
Tyrosine radical Protein 2

intermediate

41
J. -C. Bonnafous et al. Trends Pharmacol. Sci. 26, 210-217



4-1. Photo Cross Linking-2

hv

2*}

(& % 55.4 —
o ¥ ¥ Fig'am Y0 PP
= . | -+
@ g/ i< | + APS 36.5 -
Monomur(U) Paranuu](:J(U) Large oligomers (U) ()Q 21.5 =
\ 144 -
6

35 -
24 il Cross-linking — + — +
I

CAB40  AB42
Protofibrils (B) Fibrils (B)
(kDa)
OH OH 66.3 —
Ru(bipy)32* (50 M), APS (1 puM) O O s 554 —
.
0.5 mM phosphate buffer (pH 7.4)
A[31 A2 hv, rt, <1sec AB1  "AB2 36.5 —

Cross-Linked AB

(freshly |solated, low MW) 2]1.5—
144 —

(kDa)
. B ; - - -

. [0.08 L\ 36.5 — 35 _-
= - 5 39 40 41 42 43
0.04
< 14.4 — (number of AP sequence)
0 § —
: : : ———— 35 —
20 40 60 80 Time, min Peak: C I ) 3 4 5 42

D. B. Teplow et al. Proc. Natl. Acad. Sci. USA 2003, 100, 330-335



4-2. OH" generator

4. Others
) o o
\
S + _ _ _
Fe
-) (-
amN 2 Oy - = / ~
o\ & o\ & OH
Ferrocene R=H (Tamoxifen)
- . : (2)-Fc TAM-OH (E)-Fc TAM-OH
antitumor compound =0OH (active metabolite)
estrogen receptor antagonist
(anti-breast cancer)
oestradiol 100 -
(Z) TAM-OH 107 6.4
(Z)-Fc TAM-OH 40 3.4
(E)-Fc TAM-OH 12 4.9

&S
-
Q DNA damage
o M

G. Jaouen et al. Chem. Commun. 1996, 955-956

More active derivatives are reported

Ferrocene derivatives generate ROS and DNA damage
G. Cavigiolio et al. Inorg. Chim. Acta. 2000, 42-48
in this tissue, relation of OH" and DNA damage is not associated

But there are many reports to relate them.
c.f.) D. MacNamee et al. J. Biol. Chem. 1974, 249, 2447-2452 43



4-3. Olefin metathesis (1)-1

4. Others
1 (6 mol%) R N MesN?NMes
RO AUOH2(10equiv) M OH (g (c:::;?u_
50% ‘BuOH in H0,35h, R_ .« L] ; ;@
&) 32°C, open air W%R © Pro 1
D Entry Alkene Cross-Metathesis Self-Metathesis
1 A B (%)° C (%)
b
| Ester chelates to [Ru] center : AcHNTCONH, 0 0
L (M=Ru)
2 J:S\/\\\ 4 26 0
A. Fiirstner et al. J. Am. Chem. Soc. 1997, 119, 9130-9136 BocHN” ~COMe (74 brsm)
5/\/
i ' ¥ s (99?37 ) 0
Chalcogen assisted Cross—MetatheS|s rsm
BocHN™ ~CO;Me
RS 42 S\(\,)/\ d
~R [Fiul—f’ [Ru; ,[ - 6 68 0
L 1 ob ACHN™~CONH,
5 e 7 0 0
R=A 15'1:; cle a n=2(7)
r { ycle), H 6 no3@ 8 0 0
[Ru]=—CH, R }{ = DH' SR 7 BNS (3 9 0 0
] n
SR SR Rul=\, 8 n=0 (9) 520 < 15
.Sﬂ =
& L\ [Rul , L_\_ 9 n=2(11) 11 19 0
X n=3(12)
w ) 10 12 8 0
i BN _~, 13 i} 0
12 BnO -~y 14 31 18
13 PS. _~, 15 28¢ 47
44

B. G. Davis et al. J. Am. Chem. Soc. 2008, 130, 9642-9643



4-3. Olefin metathesis (1)-2

4. Others

MESNII'_\NME:S
cuju
1 E’ cI™y B
Q_g.mw gy
O (MsH)
4°C, 20 min RN 1(2mM)
2. gy = 30% BuOH, pH 8.0
SBL-S156C (16) RT, 30 min SBL-1565ac (17) 2-:5h RE37%

One-pot, >95% conversion

MgCl2 disrupts nonproductive chelation of Ru + protein

Additives Temp. Prod. Conversion
Entry Alkene (mM) (mM) %)
H
: gm None RE ¢ 0 ——> Minor MS signal of 1417 ---strong chelation?
by LC-MS
2 2 (100) 1;{1%%1]3 BT o ~9()
NaCl
3 2 (100) (100) kT . 0
o i
4 H%%M P”(IEE’JII 37°C 19 50
23 (30)
HO=, 9H
H
5 ﬁﬂm ﬁ%%;“ 37°C 20 60
24 (130)
o~
¢ Moo Mlgﬁf}'f 37°Cc 21 55
25(75) (160)
o, o~
L g Ve a1 22 60
26 (66) (130)

(SBL-S156XXX have no Cys-SH)

45

B. G. Davis et al. J. Am. Chem. Soc. 2008, 130, 9642-9643



4-3. Olefin metathesis (2)-1

4. Others
Entry Alkene (mM) Conditions  Prod. Conv. (%)°
/ \ HO.
Z R, (3mM) g MGSNYNMQS 1 4(‘1g(;\)‘ RT,2h  3a  >95
MQCIE (180 mM) ’ ‘.\_'r‘ SM\R Clum RU 5 Ho™ ~F-OH RT,2h 3a 28
g~ cr - 5 (180) then
pH 8, RT to 37 °C ip éb 37°C,30mins 3a  >95
o/ ! : r OH
30% ‘BuOH in buffer 32.3f 4 . H%:(:%:o\/\ e s b “
6(92)
HO—HO
HO o
4 “gﬁﬁo\/\\ 37°C,1h 3¢ 30
Allyl alcohol, glycosides and OEG  GlcNAc derived allyl sulfide 7(89)
HO _oH
HOL -~ HO’XEBEA/ > Hog%u/o“/\\“ 37°C,1h - 3d 30
OH HO S\& Hows (92)0\/\
b o NHAG 6 OKNS 3790, 30mins 3e 65
HO 0\/\ Less reactive partner o 02
OH Allyl ether of ammonium salt and GIcNAc —>cross-metathesis 7 ”ﬁ&r"w RT,1h 3f 95
(entry 1~7) oH : st
HO—HO - + O 10 (92)
HO o cl MezHN/\/ \/\ OF M O sl
HO - 1192) ;
o\/\ (9] Hﬂa&/m«’% o
Hao B o #Hh 37°C,2h
X 12a (85
HO O'c") NHAC " N 33( ;
% ore reactive partner H%é i | i
HO O\/\ Hexenyl glucoside —>self-metathesis ks 37°C 1k i
OH ntrv 10 132:(85) (Only self-metathesis)
OH (entry 10) oH
HO_~ 0 S 1 (H?*Oéﬁfo s\/;% 37°C,1h - 0
O/\')’ \/\ HO- -0 g NHAC /2 ’
? HOAAL O NF 13b (85)
C-glucoside OH R
12 R 37°C, 1h
OH Allyl amine derivatives 14(8%)
Ho’ég\/\ = + Much less reactive partner 3 AN 47°C. 1h : 0
HO % ACHN\/\ Cl MESN\/\ ->no reaction walial
OH O Meg._~

37°C. lh S 0

(entry 8,9,11~14) 14 16 (170)
B. G. Davis et al. J. Am. Chem. Soc. 2010, 132, 16805-16811



4-3. Olefin metathesis (2)-2

Less hindered olefin

e
H

CONH,

Z R, 1(3mM)
MgCl, (150 mM)

pH 8, RT to 37 °C,
30% ‘BuOH in buffer

19a-19h

4. Others
Entry Alkene (mM) Conditions  Prod. Conv. (%)* Conv.
= (hindered)
1 4?7/5\‘ RT,30 mins 192  >95 >95
OH (RT, 2 h)
HO O 0
2 RX-ON 37°C,1h 19 95 30
6(77)
HO—HO
oS
3 N 37°C,1h  19¢  >95 30
7 (72)
HO _oH
o
4 HO%};"\/% 37°C,1h 194  >95 30
8 (77)
HO\/\‘O/\%O\/\\
5 9 (77) RT,2h 19¢ >95 65
OH
HO O
6 Hgég;/ow RT,30 mins  19f >95 >95

17 0mins

37 LR - 0

{Only self-metathesis)

s

15 (77) 37 (. 0 mne

Ci” MesN._~
16 (74)
B. G. Davis et al. J. Am. Chem. Soc. 2010, 132, 16805-16811

37°C. Lh



4-3. Olefin metathesis (2)-3

Pt

S->Se

S'e\//‘\\\\

CONH;

Z R, 1(3mM)
MgCl, (150 mM)
F o
pH 8, RT to 37 °C,
30% 'BuOH in buffer

24 (0.015 mM)
e Se__~_R
4 «/\U /[ g
3 N" “CONH,
25a-25i

Svs Se
a) X\/\ \/\OH @) X\/\H""\OH
BocHN™ ~CO,Me 1 (6 mol%) BocHN™ ~CO,Me

20a, X =S 50% ‘BuOH in H;0, 20b, X =S , 56%

21a, X = Se 2.5h,32°C 21b X =Se, 72%

Self-metathesis
b) CO,Me
X\/\,ﬂ"\x/\r
NHBoc
AcO BocHN CO,Me
Xy Mo :OA/’SS OA%c 20c, X=S , not observed
= 0
/( AGO (22) 21c, X = Se, 20%

BocHN™ ~CO,Me » Cross-metathesis +

208 X = S 1 (6 mol%) " AcO

212 X = Se 50% 'BUOH in H,0 /[ \/\“‘J\OW

MgCly, 3 h, 32 °C

BocHN™ "CO;Me AcO

20d X=5 45%

21d X =5e 53%

4. Others
Entry Alkene (mM) Conditions  Prod. Conv. (%)”
Ho\/\ .
1 4(76) RT, 15 mins 25a >95
OH
(o]
2 "%égf\/\ 37°C,1h  25b 395
6 (77)
HO—HO
oL
3 b 37°C,1h  25¢ >95
7 (74)
HO _OH
(o]
4 HO%H/"\/‘\\ 37°C,1h 254  >95
8 (77)
HO\/\{O/\%OA
5 o7 RT,1h 25¢ >95
OH
HO O
6 HE%‘;C’W RT,30mins 28f  >95
10 (85)

cr Me;HﬁﬁVa“-“ﬁ'*‘x*

37 €. 30 mins

37°C. 1 h

RI.lh - 0
{Only self-metathesis)

37 C.lh

37°C,30 mins 251

37°C. lh

Conv.
(S)

>95
(RT, 30 min)

>95

>95

>95

>95

>95

B. G. Davis et al. J. Am. Chem. Soc. 2010, 132, 16805-16811



4-3. Olefin metathesis (2)-4

4. Others

Protein
Substrate

CM
Partners

Outcome

Relative Rea

ivity of allylic ch

in Olefin Metathesis

Unhindered
1&/8\/\
or
"1,_/ Se\/\

1) Reactive: fast self-metathesis and
no re-entry to catalytic cycle
e.g. Bulky allyl sulfides:

OH
HO Q
H(;&/S\/\

NHAC etc.

2) Moderately reactive: slow self-metathesis
e.g. unhindered allyl ethers/alcohols

3) Unreactive:
Self-metathesis and CM slow
e.g. hindered, electron-poor, unactivated

:

| Protein unmodified ‘

| Protein modified |

B. G. Davis et al. J. Am. Chem. Soc. 2010, 132, 16805-16811

\ Protein unmodified [




4-3. Olefin metathesis (3)

4. Others

Water soluble Metathesis catalysts

N 4 CT .
AN~ e peco /_(_O;:PEG "
FI' ¢l - \/\N)l\©\( N "
m"TG“‘Ph N N_@_
0| Ru=
AN T L C|’|
W(CHz)s I 0
PCys T
2 3 4
100 —
90 A
80 | %@%
70 30:1 monomer:catalyst OAN;\:O
k5 o N N(CH D40, 45°C
& 60 | ey
o —a— Catalyst 2 (with HCI) N(CHg)s
c 50 cr
o —{Jii— Catalyst 3 (with HCI)
(@] 10 1
R 40 —a— Catalyst4

0 10 20 30 40
Time (h)

Figure 1. A comparison of the ability of water-soluble catalysts to
polymerize endo-monomer 10 (data for catalyst 2 and 3 are obtained from
ref 4).

PEG : Poly Ethylene Glycol, MW = 2000

Table 1. Ring-Closing Metathesis Reactions in Aqueous Media?

Entry Substrate Time Product Conversion
/—d C
cr. I
1 _/N\ N\ 12h —IN\ >95%
12 13
"t )
2 (ZDI'\/\% 24 h cr >95%
14 15
~7 :(
+
HoN HoN HoN
3 él'\/\ 36 h 2 ::I ( 67% (+28%)
16 18
/\/
+
HoN H2N |
4 N 2 42%
19
\ﬁ/\/ \N:j
5 /CI'\/\ 24 h cr <5%

9 Reactions were carried out at room temperature with 5 mol % of catalyst
4 and an initial substrate concentration of 0.2 M in D,O or H>O. Conversions
were determined by 'H NMR spectroscopy.

Table 2. Cross-Metathesis Reactions in Aqueous Media?

Substrate Time Product Conversion

A~-OH 12h

ﬂ 595%"
23 HO

— OH
Ho—~ o  12n HO—/=/_ 94%'

24

9 Reactions were carried out at 45 °C with 5 mol % of catalyst 4 and an

initial substrate concentration of 0.2 M in D-O or H,O. Conversions were

determined by 'H NMR spectroscopy. ? E/Z ~ 15:1. € 6% of 24 remains
due to thermodynamic equilibrium.

50

R. H. Grubbs et al., J. Am. Chem. Soc. 2010-132-16805-16811 2006, 128, 3508-3509



4-4. Rh carbenoid

4. Others

Also see Mr Suzuki’s Literature Seminar (2013)

CH CH
N CHs 0.5 mM Rh,(OAc), { 3 { 3 COR
75 mM HONH-+HCI
O 2 +
Ph’W ~Yome ) > N N
) 3 N 80% H-0 / H J
20% Ethylene glycol Ph™ " “CO;R Ph
3 40 mM 4 10 mM RT 17 h 5 6
51% (5:6 = 1:1.4)
a R = (CHaCH20)3CH;
10mM 3
100 uM Rh,(OAC), Tryptophan
75 mM HONH,=HCI » Modification
80% H,0 / Products W 27268 | | 27571
20% Ethylene glycol | LGP (+0mod)| | (+1 mod)
7hatRT 2
Myoglobin (100 uM) (also same at 10 M) 3
b c £
16960 16060
(+0 mod) (+0 mod) ———
> 25000 27500 30000
% g / Mass (m/z)
£ £ Subtilisin Carlsberg (100 uM)
Figure 2. Modification of subtilisin Carlsberg with rhodium carbenoids.

16000 17000 18000 19000 16000 17000 18000 19000

Mass (m/iz) Mass (m/z)
Figure 1. Modification of myoglobin with metallocarbenes. (a) A 100 ;M
solution of horse heart myoglobin was exposed to 3 and Rh,(OAc), for 7
h. The two tryptophan residues are shown in green. (b) Following removal
of the small molecules via gel filtration. the sample was analyzed by ESI-
MS. Both singly and doubly modified protein products were identified in
the mass reconstruction. (c) In the absence of Rhy(OAc),. no products were
obtained under otherwise identical conditions. (d) After digestion with
trypsin, MS/MS analysis of the doubly modified peptide fragment confirmed
modification of only the tryptophan residues. All assigned species agree to
within 0.1% of the expected mass values.

Conditions: 100 xM protein. 10 mM 3, 100 M Rh>(OAc)s and 75 mM
HONH*HC1 (pH_LS) in 80% water/20% ethylene glycol, 1t. 7 h. Following
removal of the small molecules via gel filtration. the sample was analyzed
using MALDI-TOF MS. Only the singly modified protein was observed.
as would be expected by the single tryptophan residue (shown in green).
In the absence of Rhy(OAc)s. no reaction occurred under otherwise identical
conditions.

These have no Cys* - =Selective?

M. B. Francis et al., J. Am. Chem. Soc. 2004, 126, 10256-10257
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5. Summary

'?' O R
NHy [I] @-2(2) NH \/©/ — !
protein protein
e e
protein HCO,, )J\ protein
R' H
[Fe] (2-1(4)) NH,
RSH 7 A7 R<
| [Ir] @1@23) I}IH
R-SH '
protein \/©/ AI'/ N3 / i
i I R. _Alloc protein protein
N
/@ ; |I k | [Ru] (4-1)
[Pd] 3-32) OTf :
(HO),B 1 / s [Fe] (4-2) APS’ "
Q 0, =———>HO
9 Pd microsphere (3-3(4))
protein /O
(HO),B [Ru] -1(1) protein protein
protein R' =S -
; ; [Ru] [Ir] [Rh] (22(2)
R O, H,0, NAD* > NADH
) HCOy,
H . 0 [Ir] 2-3(1,2))
0 O R’ R
| 7
[Pd] 3-2(2)
[Rh] (4-4) Ph/\)J\CozR i \[HJ\O- i
protein R protein o R R NAD!
// 0
protein protein =
0 R R
RO,C I [Pd] (3-1) xR o or
_—
protein A\g Protein OH i ©
ROZC

PH
Ph

Figure: http://biologica.concord.org/webtest1/view_3D_cells.htm
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2-1. R-SH oxidation (4)

Appendix

N NH N . .
3 ouse liver microsomes 2 Ar-N3 is reduced in Liver, microsome
NADPH Cl mice tissue honogenates Cl
NH; 0.1 M phosphate buffer (ph 7.4) NH;

0.1 M phosphate buffer (pH 7.4) : ——
anaerobic condition, 37°C NI N Na under air, 37°C, 30 min NS NH,
R A 2

R=NO,, CN, p-CIPh HN HN
Effect of micresomal incubation conditions on the rate of formation of p-nitroaniline from P 0

p-nitropheny! azide. F:f:t:-

f‘(\/\-

Incubation conditions Rate (percentage of control)® 100 :::::::

AR
Complete system® 100 :\:\:\: 25 %
Omit glucose 6-phosphate dehydrogenase® 4+1 »:4:,:. o]
Heat-denatured microsomes 0+1 R )
Plus NADPH (2mm) 9543 ~ 75 (/A7) m
Plus NADH (2mm) 2841 S NN 150 §
Plus CO¢ 8443 a 7] b
Aerobic® 0+1 % N g

AV
*Rate determined as nmol of p-nitroaniline/30 min per mg of protein. % 50 :::::\ 175 g
*Complete NADPH-generating system under N,. il [+ =
¢ Glucose 6-phosphate dehydrogenase omitted from the NADPH-generating system. o ':l::‘: ‘_‘5:

4 Vials gassed with CO in the same manner as with N,. <L AR

°Vials sealed with an air atmosphere. = 25 A

N N 4100
O )
: no reduction occured 0 e
OMe LIVER KIDNEY HEART INTESTINE SPLEEN LUNG
R. J. Griffin et al. Xenobiotica 1991, 21, 935-943 J. A. Slack et al. Xenobiotica 1988, 18, 1157-1164
Fluorescence observed in vivo, due to reductive metabolism of Ar-Ns3
+
N3 O o) ! N; HoN ! o l NH,
in vivo 5
nametode and zebrafish
3 4
. nonfluorescent fluorescent 55
nametode zebrafish

E. Meggers et al. ChemBioChem 2012, 13, 1116-1120



2-3. Reduction by NADH (1)

Appendix

7
_Ru

N

U

N

W00 ot o

Ability to form hydride complex

Ability to form [Ru-H]
Table S1. 'H NMR chemical shifts (ppm) of Ru—H species detected at various times during
the reactions of 1.4-NADH with [(

H,0/10% D,0O at 310 K.

n®-arene)Ru(N,N")CI]” complexes 1, 2, 4, and 5

Cpxph

n 90%

Complex

Time (min)

Ru-H Chemical shift (ppm)

(1) [(n°-p-cym)Ru(bpm)CI1]*

(2) [(n®-hmb)Ru(bpm)C1]*
(4) [(n®-thn)Ru(bpm)C1]*
S)[

) [(n®-p-cym)Ru(phen)CI]”

31

—6.13
—7.44
-6.61
621

[Ru-H] (also [Ir-H]) complex reduce pyrvate

Time course
A

B 4.0,
¥ NADH 51
NAD*
25 3.0
s .
g 55 Ru-OH,
“he Ru-CI =
i
£ 5 20
B 1.5 g
£ Ru-OH, 2 154
8 1.0 4 @
5 " g
8 5 1.0
05 < Ru-Cl
NAD* 93]
—
0 Ru-H 04
0 0 20 3 4 50 400
Time (min) Time (min)
3'UJ D 3.0
Ru-OH, ¥
5] Ru-OH
- 25
E 1 E NADH
= A0, NADH £ 20
c c
2 ..l 2
£ 15 g s
NAD*
8 10 g 10
38 S NAD*
4 0.5 1
a3 Ru-Cl Ru-Cl
.
o Ru-H 01 A R
0 50 100 150 200 0 50 100 150 200 250 300 350
Time (min) Time (min)

Figure S2. Time dependence of the concentrations of various species observed during the
reaction of NADH with ruthenium arene complexes (as determined by integration of 'H
NMR peaks). The solutions contained equimolar amounts of 3 mM 1,4-NADH and (4)
[(n®-p-cym)Ru(bpm)CI]™ (1); (B) [(n*-hmb)Ru(bpm)CI]™ (2): (C) [(n°-thm)Ru(bpm)CI]*
). (D) [(ns-p-c}:*111)Ru(plu:11)(‘l]+ (5). in 90% H>0/10% D,0O at 310 K.

56
P. J. Sadler et al., Angew. Chem. Int. Ed. 2012, 51, 3897 —3900



2-3. Reduction by NADH (1)

Appendix

[Ir-H] complex formed by NADH

before after

Figure S3. Conversion of 1.4-NADH to NAD" by complex [(1°-CsMes)Ir(phen)(H,0)]**
(6). (4) Colour change immediately after addition of 1,4-NADH to complex 6 in 10%
MeOD-d,/90% H,O at 298 K. (B) '"H NMR spectra of a 1 mM 6 with 1,4-NADH (molar
ratio 1:2) in 10% MeOD-d,;/90% H,O at 298 K at various times. After 33 h, a further 2 mol
equiv of 1.4-NADH was added and the resulting 'H NMR spectrum was recorded after 10
min (top spectrum). Peak assignments are indicated on the structures. Left: low-field

region; right: Ir-H hydride region (x2).

Addition of
1,4-NADH

R

B ol

1.4-NADH

i

-8

Lu 2.5h

L 30 min

1,4-NADH

H2 (1,4-NADH)

Ln

10 min

o
\

7.50

7.00

650 ppm 4100

57

-11.50 ppm

P. J. Sadler et al., Angew. Chem. Int. Ed. 2012, 51, 3897 —3900



2-3. Reduction by NADH (1)

Appendix
[Ir-H] complex reduces pyrvate
©—|2+
Ir
N7 OH;,
AN A
A l |
o [Ir] cat. (0.33 eq) o
u NADH (1eq) ®
H42C H°C ¢
o P 3 o
H,O:MeOD-d,=9:1 c H
O under air, rt H* O B |
|
Pyruvate Lactate ®
2.50 2.00 1.50 ppm
Figure S5. '"H NMR spectra showing conversion of pyruvate to lactate in the presence of
[(1]5-C5M64C6H5)Ir(phen)(HzO)]2Jr (7. A '"H NMR spectrum recorded 10 min after
addition of 3 mol equiv of 1,4-NADH to a | mM solution of 7 in 10% MeOD-d,/90% H,O
(v/v) at 298 K. (B) '"H NMR spectrum recorded 10 min after addition of 3 mol equiv of
sodium pyruvate to the solution in (4). Peak assignments are indicated on the structures.
58

P. J. Sadler et al., Angew. Chem. Int. Ed. 2012, 51, 3897 —3900



2-3. Reduction by NADH (2)

Appendix

\/@(l—l

!
N/’\:\OHZ
o )

1
[Ir] cat., NADH R
o

o)
yield 93%

(menadione)

g=2.0106

Exp.
106
[ 1

d)
Sim. f! F
2.05G O~  2.05G
H.C CHj
HsC CHj
2056 O 2.05G

Figure 2. X-band EPR spectra at around 290 K. a) Menadione radical
anion (M) generated by the reduction of menadione (1 mm) by
NADH (0.5 mwm) catalyzed by complex 1 or 3 (160 um) in phosphate
buffer (pH 7.2, 9 h). b) Simulated M~ EPR spectrum with hyperfine
coupling constants. c) Durosemiquinone radical anion (D) generated
by reduction of duroquinone (2 mm) by NADH (1 mm) catalyzed by
complex 1 or 3 (330 um) in phosphate buffer (pH 7.2, 10 h). d) Simu-
lated D~ EPR spectrum with hyperfine coupling constants.

Few semiquinone radical anions (

M*-) forms [Ir] adducts

o M g=2.0048
b) ﬂ

b Myl

4_/\!\“' i MR
/! 'ﬁil'u“hrdwj wll* Wl o

W

0 g=2.0040

L
2G

d)

ﬂ

I|
JMW\M ‘|"‘..M“‘I| %w.l"‘;'m/ww
IJI v |

f
| 7,\,%/\..‘,\@.“' f'»'hf_/‘fm/f

|
W
W

u' 'JI

O.‘--Céz*'

0,._M§2+
AH,=0.20 G

S. Fukuzumi et al. ChemPhysChem 2006, 7, 942-954
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P. J. Sadler et al., Angew. Chem. Int. Ed. 2013, 52, 4194-4197




3-2. Sonogashira coupling (1)

Appendix
HNji H
Detection by SDS-PAGE
. . B _
A} @cg aﬁcj %:31‘% } = “-.-r:@?’ :9:2'0:’
9‘ 9@' ,Q“‘b ‘?@r R@' .EEF
. & & & & -Q‘{'L' &
Yield 25% S ey 2 o IR
13%:dehalogenated < Diotinylated ,
( ° g ) - product 3 Ras
—_— ] Sonogashira -
- reaction
Condition C) 3 D) ¥
in TAPS buffer (0.09 M, pH 8.3) & Q@‘:’ ® Q¥
2.3 M DMSO (18% v/v) iR A
g _fgb <
iF32-Ras-His (13 pM) =l »
propagylated biotin (15 mM) s biotinylated ;
Pd(OAc)2 (1.7 mM) “ *7 product

TPPTS (8.3 mM)
CuOTf (0.7 mM)
6°C, 80min, w/o 02

= ik

-

Figure 3. Detection of the biotinylated Ras protein with Streptavidin-HRP
(left) or an anti-Ras antibody (right). The A}, B) iF32-Ras-His, and C),

D) iIF174-Ras—His proteins were subjected to the Sonogashira reaction and
then were directly analyzed without further purification. The wild-gGe Ras
protein without hexahistidine residues (Y32-Ras) was used as a control.

Sonogashira reaction



3-2. Sonogashira coupling (2)

Appendix
Each treatment
E. coli cytotoxicity of Pd complex incubate 4 h
—dilute 106
—overnight incubation 37°C
—>measurement
a) _ b)
£ 2040 07 —e+—Blank
S
% 1.5x10" ° —#—Pd complex only
E 1.0x101°4 Pd complex + 1a
g 3 w/o pre-activation
E 5041005 8 —o—Pd complex + 1a w/
e pre-activation
§‘ 0 —+—Ar-l 1a only
S .
)
1.0 ; | :
0 1 2 3 4 5
Time/h
Brank : DMSO 1 %
Pd complex : DMSO 1 %, Pd complex 1 mM

w/o Preactivation
w Preactivation
Ar-l

:DMSO 1 %, Pd complex 1 mM, 1a 1 mM, sodium ascorbate 8 mM
:DMSO 1 %, preactivated [Pd complex 1 mM, 1a 1 mM, sodium ascorbate 8 mM] (stirred 37°C, 1 h before addition)
:DMSO 1%, 1a 1 mM

61
Q. Lin et al. J. Am. Chem. Soc. 2011, 133, 15316-15319



3-2. Sonogashira coupling (2)

Appendix

NaQ
—N
/
Ac, A ,}N\ * Pd(OAc), H $ H
NH N Ac” N “Bn
NaQ 2 H o)
Ar—l 4 = o}
HN KoHPO,
1b-g 2a sodium ascorbate | ‘ 3b-g
o " 37°C, 40 min Ar
Bn
Entry Ar-1 Pd-12 Conversion (%)b o
In-1-264-40 min |aber-100 uMd
1 ! 30% 84
| . 1b e 3
Me
g 210/
- Q}\l 1c s 45 ~ | 4—Product
3 \ C . 1d 30% 7
£ 3 Starting materials

i

4 O 00 30% 88 R ' /
i 0 M ML )
5 /O J \> | 1 30% e - e i i i s st ’

6 g 30% 72 0 5 10
Minutes
I 19
The conversions were calculated based on the disappearance of aryl iodides,
whose amounts were quantified by their absorption at 254 nm (red line).

Reagents (except alkene) are mixed then stirred 37°C 1 h,
separate each half and added twice in all reaction.

Many doubtful points...? .

Q. Lin et al. J. Am. Chem. Soc. 2011, 133, 15316-15319



3-2. Sonogashira coupling (3)

Appendix

Pd(NO3)2 has no acute toxicity to E. coli

-i-PrOH  Pd(NO,), +i-PrOH
(live cells) (200 uM)  (dead cells)

Pl
(red channel)

SYTO 9
(green channel)

cf) SDS-PAGE fluorescence y|e|d/ Yield <95% by LC-MS

Ctr. C1 €2 G ¢4 G5 Co C7 8 ¢ Cio Ccir ciz

Coomassic] bl S S e b St bl b bl fomd bd b Bt

Fluorescence

Lane : 1 2 3 4 5 [ 7 8 9 10 11 12 13

. (rfi./r.ei.)

T (rfi  redl)

yield = RF X 95 (%)

max

r.f.i. : relative fluorescence intensity
r.c.i. : relative coomassie stain intensity

value of C7 as (r.f.i/r.c.i)max R

Pd(NO3)2 gives few membrane damage
Untreated Control
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o
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gt 'Lg‘“ 10 11
80% alcohol fixed
'2? §
Fa : g‘i
574 33
i 2
'.;p ,;}f%,' e - -uu" 10' ri.%fn 108 it
200 pM Pd(NO,) /Iph-biotin
g
g’ = 30/0
P

FL3<H

Shigella shows almost same results
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3-2. Sonogashira coupling (3)

Appendix

w B
o o
o o

(ng/108 cells)
[y)
o
o

100

Palladium uptake

Pd conc. Blank 100 uM 200 M 400 uM 100 M 200 uM 400 M

Figure S13. The uptake of palladium measured by ICP-MS analysis. E. coli bacterial cells

with and without the treatment of 200 uM Pd(OAc),/L2 or Pd(NOs), for 1 h were analyzed

Pd(OAc),/L2 PA(NO,),
Blank Pd(QAc)./L2 Pd(NO3}
Extracellular Pd conc. N.A. 100puM | 200 pM | 400 pM | 100 uM | 200 pM | 400 pM
Pd (ng/10° cells) (+10%) 3 16 35 55 46 151 318
GFP-N149TAG (E. coli)
Azido-Pyl + —~ = = = o = =
2 - - o+ - = - - 4
Pd(Noa)z + + + + + + + + +
Iph-FL525 + + + 4+ + + + + 4
M/KD
3] s e
gg [ ] H [ ]
13| . . .
34 Sl Bl b8
e Pl > @
J?L GFP—>] 8 “ o -
HN" 0 S 2| - -
Z 17 Coomassie Fluorescence @Y=}
H,N” ~COOH
lane: 1 2 3 4 5 6 7 8 9

according to a protocol described in Supplementary Method 11.

OspF-K102TAG
(Shigella)

2(1 mM)
+Pd(NO,),/Iph-FL525

Azido-Pyl(1 mM)
+Pd(NQO,)./Iph-FL525

2(1 mM)
+|ph-FL525

P.R. Chenetal. J. Am. Chem. Soc. 2013, 135, 7330-7338



3-3. Suzuki coupling (1)

Appendix

Free Cys-SH inhibits coupling

NaO

N

\ N/>—NH2 « Pd(OAC),
NaO 2

OH
HOQCQI 4 QB\ - HOQC—QI
OH 1 mol% Pd

1 mol% glutathione
Hzo, NazHPO4
RT, 2h

94% Recovery
No Cross-Coupling
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3-3. Suzuki coupling (3)

Appendix

Toxicity of Guanidine salt
LDso: 500 mg/kg (domestic rabbit)

BRITZ7A43HIL 200856 A5 72-75

0
)
b“vu Kryptofix 2.2.2

K* trap

.



4-2. Olefin metathesis (3) Appendix

Other water soluble Olefin metathesis catalysts

67
K. Grela et al., Catal. Sci. Technol., 2012, 2, 2424-2427



4-4. Rh carbenoid

4. Others

S-h insertion of Rh Carbenoid

1a:R=H
1b: R =Ph

1¢: R = 2-naphthyl

1d: R = 4-PhCgH,

1e: R = 3,5('Bu),CgHs
1f: R = 2,4,6-(Pr);CgH,

— _ S 1P 4 CgHs SH I l i
Table 3 S—H msertions of methyl u-phenyl-u-diazo-esters with various R—C—C Rh » R—C— H——R1
mercaptans” 2(OCOCH3)4I
NZ 2 mol% RhQ(TFA)4 SR
)J\ . Reh 2 mol% (R)}-1f )\ PhCHoCH,CH,COC(CH3)N2(10)  ——————— = PhCHZCH,CH,COCH (CH3)SPh %
Ph™" “CO,Me . Ph™ * ~CO,Me
e g  Chexane, 25°C, 5 min 4 CH3COC(CH3)No(11) ——————3 CH3COCH(CH3)SPh 833
Entry R Product Yield (%) ee (%)
1 Bn (3a) an o) 91 (5) P. Ratananukul et al. Tetrahedron Lett. 1982, 23, 2509-2512
2 4-MeO-Bn (3b) 4ab 97 93
3 4-CI-Bn (3¢) 4ac 94 94
4 n-dodecyl (3d) 4ad 86 93
5 n-octyl (3e) 4ae 87 93
6 n-Pr (3) 4af 86 93
7 i-Bu (3g) 4ag 89 87
8 i-Pr (3h) 4ah 89 78
9t trityl (3i) 4ai 88 94
10 Et0.CCHb (3j) 4aj 83 98
11 2-furylmethyl (3k) 4ak 85 96
12° 4-MeOC¢H, (31) 4al 91 77
? The reaction conditions and analysis methods were the same as those
described in Table 1, entry 12. * Using (5)-1f.
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