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crown confomation
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crown confomation

0.0 kcal/mol

half chair conformation

5.6 kcal/mol

M. T. Taylor, M. L. Blackman, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc., 2011, 133, 9646.



I 01 Optically Active TCO

H Barrier to racemization

= 35.6 kcal/mol

N

H H

PR pS
K,PtCl, + C,H;, — > K[PtCI;3(C,H,)] + KCI
K[PtCl;(C,H,)] + Am* —>» [PtCI,(C,H,)Am*]  + KCI

(Am* = (+)-CgHsCH(CH3)NH,)

[PtC|2(cZH4)Am*] + tranS'C8H14—> [PtC|2(c8H14)Am*] + C2H4

Y

trans-dichloro-[(-)-trans-cyclooctene]-[(+)-a-methylbenzylamine]-platinum(ll)

trans-dichloro-[(+)-trans-cyclooctene]-[(+)-a-methylbenzylamine]-platinum(ll)

[PCI(CgHs)Am*] + 4KCN ———  K,Pt(CN), + 2KCI + Am* + trans-CgHq,

W. G. R. Funke, F. N. Jones, A. C. Cope, J. Am. Chem. Soc., 1966, 88, 4693
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20 °C, dioxane

N=N
dienophile + MeOzc—<\ />—002Me > product
N—N ks (I/mol's)

site: 10° " k, (I/mol's)

> D[}@@HO

44800000 329000 23500 86.6 8370

3380
trans: 1270000000

o [ D) ()

54900000 4.86 104000 2970000
Me S o} o S
I><Me D D @ @ 4
7770 6310 136000 769 36.5 100000
Es> o> o S
| [ ) ) A
7
S (o) (o) s
355 13200 67.7 3.35 192000
(40 °C)

F. Thalhammer, U. Wallfahrer, J. Sauer, Tetrahedron Lett., 1990, 31, 6851.




I 01 Background

Cope Elimination:
: 6 :

|-| L N(CH3)2

+ =
O/NMez Mel, MeOH O/NMe3I _Acz0.H,0 NMe;OH

heat, vacuum

a) AgN03, Hzo

@ B @ C):H
- +
H

trans isomer ca. 60:40 trans:cis

K. Ziegler, H.Wilms, Ann., 1950, 1, 567.; S. W. Fenton, C. F. Spencer, A. C. Cope, J. Am. Chem. Soc., 1952, 74, 5884.
R. A. Pike, C. F. Spencer, A. C. Cope. J. Am. Chem. Soc., 1953. 75. 3212.




I 01New Synthesis Method

CuCl (0.4 eq)
H hv (254 nm), 24 h
y

H 19%
cis trans
H  hv (254 nm), xylene,36 h
>
H 82%
cis trans

J. Deyrup, M. Betkouski, J. Org. Chem., 1972, 37, 3561.
J. S. Swenton. J. Ora. Chem.. 1969. 34. 3217.
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PhCO,Me (2.6 eq)

R hv (254 nm), ether/hexane R
A rt., 8-20 h P24
| > N\
active removal of trans isomer
- Metering —
Pump |
—=— H
AGNOS/| 3~ AgNO;
SiO
e | does not elutes
hV \}J
Q T
-
, elutes

Cis <~ trans

M. Royzen, G. P. A. Yap, J. M. Fox, J. Am. Chem. Soc., 2008, 130, 3760



I 01New Synthesis Method

PhCOsMe (2.6 eq)
hv (254 nm), ether/hexane

R
K rt., 8-20 h A
| > N\
active removal of trans isomer

Huw "\OH Hu “\OH
OH

72% (0.72 g) 64%
o
TG 77% (3.9 g) dr: 1.9:1
Me  OH
; " WO M
\‘( 0O Me
(0]
52% 71% 65% (0.65 g)
dr: 3.4 : 1 62% (3.1 )
dr: 11:1
i X
MeN” ~O HN” ~O
Hune Hune
58% 35%
dr: 1:1 a single diastereomer

53%
dr: 3.0:1

M. Royzen, G. P. A. Yap, J. M. Fox, J. Am. Chem. Soc., 2008, 130, 3760
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axial
/

Ha

Hue WOH
f

(major distereomer)

equatorial
/ q

H,
-
H \
&

(minor distereomer)

Hlm%.\\OH <

Transannular Cyclization Reaction

M. Royzen, G. P. A. Yap, J. M. Fox, J. Am. Chem. Soc., 2008, 130, 3760

1" >co,H

NaH, THF

69%

CO,H
o~ 2

H)\H
%\(\'

H




Il 01New Synthesis Method I

hv (254), PhCO,Me R

O flow reactor @

WWOH OH
H» Hone O
OH

OH

68%
1.5:1 dr 65% o~
62% 1.1:1 dr

6.2 g product

H H
ﬁ 0\ 0
il (XTI
“ (o]
H OH ’ OH OH

I[,I

b= Ll

82% 81% 51%
s ~COzH H o .WNHCOCF,
mCO,H
H
54% o 51%
1.5:1dr CSE 3:1dr

A. Darko, S. J. Boydb, J. M. Fox, Synthesis, 2018, 50, 4875.
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Bioorthogonal chemistry: Any chemical reaction that can occur inside

of living systems without interfering with native biochemical processes.

A. Cu(l)-catalyzed Huisgen cycloaddition ("click" chemistry)

' N
R—N, + =R > ./

R' :
X 5
R—N;  + —> N_ | —R'
\
N

18 kcal/mol
of ring strain

N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem. Soc., 2004, 126, 15046.
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By Bertozzi
y BN 3.0 eq AgCIO,4

Tol.
—_—
+ MeOZC—Q-—-\ Me°2°—< >' \o
OH
Br

a) 2.0 eq NaOMe, DMSO
b) 10 eq LiOH,
20% H,O/Dioxane

a) F,¢~ “OPfp
pyr

N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem. Soc., 2004, 126, 15046.
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www

0] (o) o
H/HN\(
N/\/\eo/\a/\N % I
QZZK/N\V/JL\H 1 H/JL\V//\\\//~\Ti:f>;:
S H

site: 10° “ k, (I/mol's)

O

cis: 3380
trans: 1270000000

)

2970000

Az

o -biotin

w-1g

— 2 3 3, [Cu]

+ = + = + ~ =

e -

k, of SPAAC = 5 M-1s-1

SPAAC = Strain-Promoted Azide-Alkyne Cycloaddition

N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem. Soc., 2004, 126, 15046.
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Diels-Alder Reactions of Tetrazines with trans-Cyclooctene

y R R
(AR XN SN
—_— //N | — )
i N P ~ _NH
fod N2 R R
‘N=N
R—<\ />'—R
N—N

| X
N~ N
in protic
@H NN solvent  HN
+ U} lll —— —_—
~
* -6 N/ N
510° M ~ |
*40-6
510° M y S

= 100% conv. after 40 min at 25 °C at 5 * 10° M
t42 = 7s when TCO:Teetrazine = 1:10

» ~quantitative yield with k, 2000 M-'s"1
(SPAAC =5 M1s™)

= Successflu reactivity in organic solvents,
water, cell media or cell lysate
- N, is the only byproduct

J/

M. L. Blackman, M. Royzen, J. M. Fox, J. Am. Chem. Soc., 2008, 130, 13518.
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Trx:

—Trp—Ala—GIlu—Trp—Cys—Gly—Pro—Cys—Lys—Met—

0= >N
Trx (15 uM)
_—

0 Trx= thioredoxin HN o

" 0
\ ‘\\0

(15 uM)

(30 uM)

N—N

R—/ H—R

N=N
R= 2-pyridyl

>

100% conversion
within 5 minutes

R= 2-pyridyl

M. L. Blackman, M. Royzen, J. M. Fox, J. Am. Chem. Soc., 2008, 130, 13518.
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a
NSy -
N\?N J ds 6-__~ vt
' ! R A
/\ J
SN AG* = 8.92 kcal/mol
s-TCO
C
b o _ AG*=8.24 kcal/mol
¢is ring AG* = 6.95 kcal/mol frans ring

\\\\\\

H

I“
<
[
3
{

-2

<

M. T. Taylor, M. L. Blackman, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc., 2011, 133, 9646.



Il 02 The Reaction of TCO I

pyr

pyr
ky = 820 M's™"

N
| —_— /lllu
- HO

A

pyr
k,=19.1 M's" k, =3100 M's™

M. T. Taylor, M. L. Blackman, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc., 2011, 133, 9646.
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H in a) water, 24 h; b) human serum, 24 h;
-, H c) nBuNH,, 24 h; d) EtSH, 12 h
/llln 4 >
HO H‘c No degradation
N=N
pyr—<\ /)—Pyr o H
0 N—N A~_N_0
TrxS N \f
(120 uM) _0
° 3
<5 min =

M. T. Taylor, M. L. Blackman, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc., 2011, 133, 9646.
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a
_N ‘ ‘”o
7\ 3
Ph—<_>—Ph - &
N=N — o o @
+ & %, ° :"* AG*= 16.09 kcal/mol
l. /
9 o i
WX o W
b CH,OH
H o :
0 T - Mo
|-|o|-|2c....< = M
03 <A
H H
d-TCO
N” N o g
NN * > . AG* = 13.27 kcal/mol
= g, ®
T W
Ph °

A. Darko, S. Wallace, O. Dmitrenko, M. M. Machovina, R. A. Mehl, J. W. Chinb, J. M. Fox, Chem. Sci., 2014, 5, 3770
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HO
a)
o._ ,OH HO OHC_, ,.CO,Me
L) 4
HO™ Yo b) NaOH
H H
0 (o) 0
HO o~: HO>_\—/—<0 E
H H

dr=12:1 dr > 50:1
hv o hv
flow | °29% 36% | flow

z H

HO 072 HO 0=

dr=14:1 dr > 50:1

A. Darko, S. Wallace, O. Dmitrenko, M. M. Machovina, R. A. Mehl, J. W. Chinb, J. M. Fox, Chem. Sci., 2014, 5, 3770
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H H
03 0
/vvvv< H - ozN—Q—o /,\.w< H
HO o) }—0 o~
H 9 H
anti:syn = 1.1:1

S
“'"QH
<:> HN
o NO H H
!:, 2 s 5 o NH

§ HN
Hue = ...,,/o (o) —— He m/

.
L

Biotion-mini-PEG derivative

A. Darko, S. Wallace, O. Dmitrenko, M. M. Machovina, R. A. Mehl, J. W. Chinb, J. M. Fox, Chem. Sci., 2014, 5, 3770
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Tz TCO ky (M1s™) Tz TCO Ky (M)
H
o) 02
>\._\_/_< @ H 520
s N H
Ho o4 <° 3 H 366000
H syn
HO 0 anti 318000
H

Z=
z—=Z

-4
> )3

MeOH, 25 °C
. J
s A
X
_N
NZ N
)
Na N
Z N
“ |

HN\EO
NHBoc

55:45 MeOH:H,0
25°C

Ca 101
Ca “

syn, anti 167000

1:1 syn:anti

HO
H 5235

equatorial diasyereomer

HO
H 22600
HO,,, y
80200

3300000

A. Darko, S. Wallace, O. Dmitrenko, M. M. Machovina, R. A. Mehl, J. W. Chinb, J. M. Fox, Chem. Sci., 2014, 5, 3770
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2-pyr\(/N\IN

NS

(0]
N
le\/ 3
Bn

2-pyr. N_
Z N
2 (2.0eq) T\ l
1(11e .0 eq
No Reaction - ( a) >
CDCN, D,O, 5h CDCN, 7 h
3(1.5eq)
CH3;CN, H50, 30 min

Y

H
—"oH
(o] "1H
N)]\/N
Bn
e N\
52 ;o
5 OO0 b
& s
— ’H
_>_o
o 1 2 3
\ J

T. Yokoi, T. Ueda, H. Tanimoto, T. Morimoto, K. Kakiuchi, Chem. Commun., 2019, 55, 1891



N= H
N WL
o
. Nz
N3\/\/\)
s N
o

HN H 1, CH3CN, Hzo,
2,
H%nlll (0] 3
¢ A '

T. Yokoi, T. Ueda, H. Tanimoto, T. Morimoto, K. Kakiuchi, Chem. Commun., 2019, 55, 1891



Some New Reactions of TCO




I 03 Some New Reactions of TCO

( )
Fox 2008 HO
| Br2
/N‘ L.
// Ho H
H
\ J J[%
HO HO o
OR' R"—¢
HOu. HOm. OH I N
R'O
H A/ ®
4o H RO™ V
ORH
hyacinthacine A, austarline alexine e
PR

M. Royzen, M. T. Taylor, A. DeAngelis, J. M. Fox, Chem. Sci., 2011, 2, 2162 — 2165.
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OH

HO o HO,, HO
HO™" < \|/
OH
major minor
1.9:1
Me Me
Me
_62:65% Meﬂ ‘\o>(
o, < = _ O
‘\\‘ 4
N
W
major minor
11:1
R"\(o Me
N GOGF, Me OH COCF,
HO™" Y
HO /

M. Royzen, M. T. Taylor, A. DeAngelis, J. M. Fox, Chem. Sci., 2011, 2, 2162 — 2165.
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)
Zn
Me,C(OMe), o 9Me  pph. imidazole o Lt Lo ultrasound o><o
TsOH H,0, DMF HOAQ”\O THF, 65 °C '/\Q»\o o :
> E— > -
59% HO 07L 84% HO™ 07L 64% /\./\ﬂ)
OH O
sucrose
“0Ac “NH,
a)
=
MeCN, sieves
NaBH5CN o 0
E F C—<
o><o b) TFAA, Et;N & <N ’ N
s 0 °C to rit. o Grubbs Il fo}
Y 30% Me\|\o\\\\ A 91% Me\|\o\« )
OH O Me Me
ad N\ HO

M. Royzen, M. T. Taylor, A. DeAngelis, J. M. Fox, Chem. Sci., 2011, 2, 2162 — 2165.
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o
F3C\<
N

hv, flow chemistry

o

F3C\<
N
H

o > o)
Me+ 0\\\‘ 63% Me+o\\\\ — ,,,
Me stereocontrolled Me H
HO induction of HO
planar chirality dr=8:1
[ \
(o0}
> Metering — 3 g
Pump | o H \-
I_=_I Mej\o\\\\ i ,’,H
e
Sio,
does not elutes
SiO, (o)
F3c./(
N
(o]
- s Me#\ o™
. Me
cis == trans HO
elutes

M. Royzen, M. T. Taylor, A. DeAngelis, J. M. Fox, Chem. Sci., 2011, 2, 2162 — 2165.
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Fsc\( Me a) MeLi

COCF
Me o/\H 79¢Fs b) HCI, HOAc

= N —_—
~
o) SN g .
HO H
H H
pS HO |
aq. NH,4OH o AN
HO ; >
then adjust /
HO
N topH7
HOllu -
85% H
5 \. J
Ho H °

hyacinthacine A,

M. Royzen, M. T. Taylor, A. DeAngelis, J. M. Fox, Chem. Sci., 2011, 2, 2162 — 2165.
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R Y—X

. J

strained olefin

R —_
YX"'R

R N

R

Xiun

S. Einaru, K. Shitamichi, T. Nagano, A. Matsumoto, K. Asano, S. Matsubara, Angew. Chem. Int. Ed., 2018, 57, 13863 —13867
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Ph
a) BI'MQ/\/

00 THF, 0°Ctor.t., 6 h Q/\/Ph
b) conc. H,SO,4

neat, 100 °C, 10 h

a) Ph,PH, n-BuLi

THF, rt., 5d Ph Ph
m-CPBA Ph  b)AcOH, H,0, NaH
DCM, r.t. 30 min rt, 0.5h ) oH DMF, rt., 3.5 h
‘4 > —_—
e w0 64% over 2 steps e 64%
|
th 1.3 g
over 21%
¢ \
/ N"',’“H (1.0 eq) Ph />
= ¢l \ \
P cl /\/ \,
DCM, r.t., 13 d i
> — Nt \ )
76% ={ ¢ __!./

S. Einaru, K. Shitamichi, T. Nagano, A. Matsumoto, K. Asano, S. Matsubara, Angew. Chem. Int. Ed., 2018, 57, 13863 —13867



o

e (zeq

H o)

cat. (10 mol%) ~br
7 DCM, -30 °C 0 N (-2ea) 0
Ph/WI\OH > . o cat. b (10 mol%
Ph "o Ay DCM) . o
[ - N N X ,,:J: R
Ph Ph R 2
Ph Br
| | | 0 0 :
R o o o
a b c:R=h ‘
d: R ) Ph ©\\\ /©\\ /©\
B Br
o Bt MeO r 3C
Ph
/\O :D/\ )LNH L 48% 90%
2
e g
(ZIE = ca. 2/3) 0 o o
. J
(0] (o) (0]
Entry Cat. Time [h] Yiled [%] o - o
1 none 6 3 B /© Br Br Me/© Br
2 none 48 9
3 a 6 2 87% 91% 90%
4 a 48 71
5 b 6 88 o o)
6 b 12 99 5 o
7 c 6 59
8 : : : /© ) Me™" 7 P
9 e 6 1 B z
10 f 6 7 tBu ' Br Br
112 g 2 ‘1‘ 93% 27% 73% 98%
atg

S. Einaru, K. Shitamichi, T. Nagano, A. Matsumoto, K. Asano, S. Matsubara, Angew. Chem. Int. Ed., 2018, 57, 13863 —13867
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( )
Ph
(o)
)J\N/Br (1.2 eq)
H b
o (o]
cat. b (10 mol%) \. J
Ph o DCM, -20 °C, 12 h o) O
WL > " Ph
eli Ph
Br Br
A B
4 )
A B A:B
with b: 26% 71% 1:2.7
without cat.: <1% 2% 1:>99
with EtsN: <1%  99%  1:>99
with PPh; 15% 69% 1:4.6
\_ J

S. Einaru, K. Shitamichi, T. Nagano, A. Matsumoto, K. Asano, S. Matsubara, Angew. Chem. Int. Ed., 2018, 57, 13863 —13867
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O o]
PS 0
NH2 )J\ /‘HOQ\
NH SO+
v PR Br

Ph

los [LLY
3
é
o
o

S. Einaru, K. Shitamichi, T. Nagano, A. Matsumoto, K. Asano, S. Matsubara, Angew. Chem. Int. Ed., 2018, 57, 13863 —13867
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In the past
R1
R 2
- R
: heat R2
| —
( : - (
n R fast n
ring closure — -
This work
OTBS
OTBSR
S [Pd] R
| + Ar—| ———»
( : 100 °C (
n R n
Ar
OTBS

A

R R
N\y—OTBS _— TBSO—¢
Ol 15y
n n

N. Arichi, K. Yamada, Y. Yamaoka, K. Takasu, J. Am. Chem.

planar chirality

Soc., 2015, 137, 9579.




I 03 Some New Reactions of TCO

Ph-1 (1.2 eq)
Pd(OAc.)z (10 mol%) OTBS OTBS
OTBSR ligand
| base > OMe + OMe
EI toluene (0.1 M)
100 °C, 4 h Ar Ar
A B
entry base (eq.) ligand (mol%) yield (%) A:B
1 DIPEA (2.0) PPh3 (20) 34 >20:1
2 CS,C05 (2.0) PPhj3 (20) 30 9:1
3 AgOAc (2.0) PPh; (20) 83 8:1
4 Ag,CO;3 (1.0) PPh3 (20) 90 14:1
5 Ag,CO;3 (1.0) PCys; (20) 64 1:2
6 Ag,CO3 (1.0) dppb (10) 61 1:!

N. Arichi, K. Yamada, Y. Yamaoka, K. Takasu, J. Am. Chem. Soc., 2015, 137, 9579.
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Ar-1 (1.2 eq)
Pd(OAc), (10 mol%)

OTBS
oTBs,  PPhs (20 mol%)
= Ag,CO3 (1.0 eq) R
( >
n I§I toluene (0.1 M) ( N
100 °C, 4 h M
OTBS OTBS
R
Ph Ar
R = Me 83% (12 h) Ar = m-CHOCC, 68% (8 h)
R=CO.Et 77% (12 h) Ar = p-MeOCCy 67% (8 h)
Ar = 2-thiophenyl 64% (20 h)
Ar = 3-pyridinyl 42% (20 h)
OTBS OTBS

Ph

72% (8 h)

OMe e OTr
NO,

78% (13 h)

N. Arichi, K. Yamada, Y. Yamaoka, K. Takasu, J. Am. Chem. Soc., 2015, 137, 9579.
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Pd(OAc), (10 mol%)

OTBSR P(2-furyl)s (20 mol%)
Oj ©i| Ag,CO; (1.0 eq)
+ >
( n |§| NHTs toluene (0.1 M)
100°C
OoTBS

R = CO,Et 75% (4 h) 54% (12h)
R =CH,NHNs 53% (12 h)

R = CO,Et 80% (4 h) R = CO,Et, X = CH, 74% (10 min)
R=CH,NHNs  64% (6 h) R = CH,NHNs, X = CH, 45% (2 h)
R = CO,Et, X =0 79% (30 min)

N. Arichi, K. Yamada, Y. Yamaoka, K. Takasu, J. Am. Chem. Soc., 2015, 137, 9579.




R
OTBS R

N\_otgs fngflip tBSO—/
/ ())

1

Agch3 R
( Pd*
X ne
NHTs TsHN

Pd(0)

N. Arichi, K. Yamada, Y. Yamaoka, K. Takasu, J. Am. Chem. Soc., 2015, 137, 9579.
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o 3¢ . L in vitro | Requirements for >
: Y ¥ 5 ) - —_—
= @ . N @& . “ ‘ radiolabeled click agent ¢
el J
S = bioorthogonally
w v
;g a. tagged ligand - Fast and/or automated synthesis
& 5_ PET - High radiochemical yield
S x - High purity
= 7 - High reactivity
14
§ g J PET - Homogeneous biodistribution
g) o 8 - High metabolic stability
£ = ’:3\. - Rapid clearance
o - High in vivo reactivity
o uw TS
o o in vivo - High purity

PET: Positron emission tomography

C. Denk,D. Svatunek, J. Stanek, T. Filip, D. Matscheko, C. Kuntner, T. Wanek, H. Mikula, Bioconjugate Chem. 2016, 27, 1707



F
N - N_ _N W H
N N N - N _N d (o] N OH
SORAS O NN S adi o V. o
N N® )\N/,N / H o]
H
1 2 3 4 5 6
R
N Re ! IEDDA
| + = I —

_N

R ON
.N2
Tz TCO
1-3 4-7
Reaction ko [M1s1] calculated realative rate realative rate
144 1.04 + 0.03° 1.32¢ 0.70°¢
2+4 n.d. 0.00009° n.d.
3+4 1.49 +0.01° 1.00¢ 1.00¢
1+5 8.95 + 1.1° 1.36¢ 1.05¢
2+5 n.d. 0.00067 n.d.
345 855+ 2.3 1.009 1.00¢
b
1+6 175.4 + 1.2 n.d. 118¢
b

1+7 42500 + 3100 n.d. 4979

aMeasured in 1,4-dioxane at 37 °C. °Measured in PBS in 37 °C.°Relative to the reaction
between 3 and 4. “Relative to the reaction between 3 and 5. n.d. = not determinged

C. Denk,D. Svatunek, J. Stanek, T. Filip, D. Matscheko, C. Kuntner, T. Wanek, H. Mikula, Bioconjugate Chem. 2016, 27, 1707
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H
< W\ O
\OJLN/\(/ \a/\OH
/ H 3
/ L
H
1
NH, HN,CH:»,
N " CH;OTf 7
N7 —_— N -

| . N
)\N/’N 75 °C, 5 min )l\N//N

[11c_1]

control
after

[tC]-1 | 5min |invivo
control | invivo |(5 min)

C. Denk,D. Svatunek, J. Stanek, T. Filip, D. Matscheko, C. Kuntner, T. Wanek, H. Mikula, Bioconjugate Chem. 2016, 27, 1707



Il 03 Some New Reactions of TCO NG

PET Image

b = brain, bl = bladder, k = kidney, lu =lung

C. Denk,D. Svatunek, J. Stanek, T. Filip, D. Matscheko, C. Kuntner, T. Wanek, H. Mikula, Bioconjugate Chem. 2016, 27, 1707
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Properties:

Reaction:

Planar chirality i
o7aliie\e

High HOMO energy H : H

High energy of ring strain

IEDDA reaction : '

Click reaction R R

Bioorthogonal reaction

'!l\ Br2 N
Total synthesis \//\N — m
H

The catalyst of transition metal
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