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Motivation

» Catalysis is an enabling technology for a
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» The majority of process however rely on the use 10°

of precious metal-based catalysts.

» These metals are not found in the upper earth Major industrial
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» Earth-abundant metal-catalysis could offer a 10 20 30 40 50 60 0 80 80
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solution, but needs to be reinvented Picture taken from https://pubs.usgs.gov/fs/2002/fs087-02/
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Inspiration by Nature - The Secrets of Methanobacter (or the biosynthesis of coal)

How we learn the synthesis of fuels in school:

PETROLEUM & NATURAL GAS FORMATION

OCEAN OCEAN But how did this happen?
300-400 million years ago 50-100 million years ago
ey — Organisms contain
P TR . iV T > proteins,
/ ’ Sand & Silt » carbohydrates,
———————————————————————————— e e
‘*, . > lipids
' S v Plant & Animal Remains Oil & Gas Deposits
Tiny sea plants and animals died Over millions of years, the remains Today, we drill down through layers Wh i Ie:
and were buried on the ocean floor. were buried deeper and deeper. of sand, silt, and rock to reach
Over time, they were covered by The enom;‘ous 'heta! a‘?: n;:es:.uro the fo::: :c::;n.tl:s: t:;::' ;;ontaln
; dt : : . .
TSR A — i —_— coal, oil and gas are lacking
The generally accepted theory for the origin of petroleum a geologic processing of the dead remains of oxygen, or nitrogen

ancient ocean life. (Image credit: DOE)

Two different decomposition pathways are operative: the aerobic and anaerobic pathway
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Inspiration by Nature - The Secrets of Methanobacter (or the biosynthesis of coal)

s

The aerobic pathway...

CgHO0: +60; ——= GCO; + 6 H0 + energy

carbohydrates

[ P ————

I|r:-:.|dﬁ
ar.|:1in0 acids
ar:nrnatms
\\ ...results in an accumulation of CO, ,,
\N_ _______________________ - ’/

Important:

Fe-containing enzymes are

involved in every process
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‘—- ---------------------------------------- ~~~
/’ The anaerobic pathway... or: How to get oxygen? ¢
4
,, 2 HyO t2e L, H, + O, ==\ water splitting
]
: CO, + Hp ——  HCOH
I
| HCO;H + Hf — CH;O + P hydrogen storage
: + 120,
! CH,O + Hy. ——» CHyOH . =\ synthetic building blocks
| +2e
: = + 1/20;
I
| CH30H + H; —_— CHy4 +|H:0
I
I methane
I
: CHy + CHy ——— H3;C-CH3 + H; ) efuels (power2X)
[ - H; i + CHy
: H, + CHy
I i + CHy
I
i CHa chain growth
! RETTS CH3 e oil
I
I
I
I‘ . | lattice growth
\ Q —_— coal
\ H:«
\
AN
~
..~'.... ________________________________________ __-""'
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Iron-complexes in enzymes — a selection
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hem-Fe-complexes non-hem-Fe-complexes
e.g. cytochrome P450 e.g. Rieske-monooxygenase
Fe-S-cluster [FeFe]-hydrogenase [Fe]-hydrogenase %
z.B. Ferredoxin g
oxidation state of the Fe-center g
depends on the ligand =
3
: o
SIS’ g
- S-Cys RSP S—[Fe4S
Cys S: e"“s","Fe', y Ek.F'é/SQ“Fé [Fe4S4]
Cys-S S§” S-Cys OC"a">c” v.CN
/\/ NC o CO
S-ligand /\/ § .
-redox active cyanide ligand CO-ligand

-strong ligand field
-diamagnetic complex
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Characteristics of Fe-containing electron transfer proteins

oxidation state of the Fe-center
depends on the ligand

X"l\‘ Csy
Cys-S<_ ..o ,S-Cys 0 Sg, ,SIFesS]
Fe~g” ~Fe~ *Fe.,
Cys-S S-Cys OC“4">c~ v 'CN
ﬁ/ NC o CO Cys-
S-ligand §
-redox active CO-ligand
S -strong ligand field
cyanide ligand -diamagnetic complex

-redox-active

"Redox-active, or 'noninnocent,' ligands have more energetically accessible levels that allow redox
reactions to change their charge state."

P. Chirik, K. Wieghardt Science, 2010, 327, 794.

"Oftentimes, the two descriptions 'redox-active' and 'noninnocent' ligands are used interchangeably
in the literature. However, care must be used when using the latter because clearly defined physical
oxidation states have often been established for a case where ambivalence has been implied."

P. Chirik J. Inorg. Chem., 2011, 50, 9737.
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Redox-active (,non-innocent”) ligands are key to catalytic activity

TECHNISCHE
UNIVERSITAT
DRESDEN

+l| + ®
Fe—C=N =—> Fe=C=N

Wieghardt / Chirik / deBeer

N
P
o . V)
= —FeNC

' 0
Fe Fe NG

N

-

catalysis by means of
- single-electron oxidation of the metal
|:> ligand-metal cooperativity is a key

plus
- single-electron oxidation of the ligand

- o° 0° o 1°
I
N N ®N
l:l 0 l:l 0 -~ | || 1]
. >
oc” vco T oo co oc~ ¢co oc” £co
(]0) co (]0) co |
{PFe(®NO)'° {'Fe("NO)'°

NO-Ligand is redox-active!!
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Redox-active (,non-innocent”) ligands are key to catalytic activity

X",\I Csy X",\’ Csy Xﬁu\’ Csy
o +1.5 Lt S—{Fe4S4] 2 SET O _+0:S1., +0,S—[FesSy] I:k-lus-., +11 S—[Fe,4S4]
Fe<S“Fe. — FarS%pg FexS™“Fé
oC", \C/ 'CN oc | e\C/ e.,CN oC e\C/ s-'CN
NG o) co NC @ CoO NC & CoO
Hieber base reaction
1928
((() (:) (:) 2(:)
© 610) S) (010)
& ™on |HON.O c/ He / OH |
I = ‘\ Fecol T | Feliog
Fe(CO), Fe(CO), Fe(CO) oc %o ocC \CO
catalytically inactive
1963
Fe(CO)s + NaNO, > Na[Fe(CO);(NO)] + CO, + CO
catalytically active
_ 19
o° 0° 0 i
N N’ N ®N
Ll 0 ,|:| | - I -1l
oc” \ 'CO oc” Q’CO oc” Fi"'CO oc” "\co
CcoO CcoO CcoO CO
{*Fe(®NO)}° {'Fe('"NO)}"°
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Low-valent carbonylferrates as elektronentransfercatalysts?

Case 1: The Fe-catalyzed allylic substitution Tsuji-Trost reaction

Mechanism: 1. SN2 -anti-substitution: (o-m-c)-equilibrium:
ionisation isomerisation
Common catalysts: k k @
. 1 2 M" 1 2 2 3 1 2
RL_A~_R R ; R RI—=—p? R%/R
Pd-, Ir-, W-, Mo-complexes EwG -Ewg® Nn+2 Koy M2 ks n+2
S)
Pro: ks *+Nu Ky Contra:

. 2, Sp2 -anti-substitution . .
DYKAT-mechanism N Formation of regioisomers
-> highly enantioselective R1V\rR2 R R?

= Y\/
transformation of racemic Nu Nu
starting material
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Low-valent carbonylferrates as elektronentransfercatalysts?

Case 1: The Fe-catalyzed allylic substitution Tsuji-Trost reaction

Mechanism: 1. S\2"-anti-substitution:
ionisation
Common catalysts: R R2 M" R R2
= AT
Pd-, Ir-, W-, Mo-complexes EwG -Ewa® Mn*2
S)
Pro: K *Nu™ - Contra:

. 2, Sp2 -anti-substitution . .
DYKAT-mechanism N Formation of regioisomers
-> highly enantioselective R1V\rR2

=
transformation of racemic Nu

starting material

Potential catalyst for regioselective allylic substitutions:
coordinatively oversaturated, nucleophilic metal complex
Review: Eur. J. Org. Chem. 2009, 775.
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Case 1: The Fe-catalyzed Tsuji-Trost allylation

MeO,C.__CO,Me

LT

20

yield (%)

85
35

M802C\(9/C02Me
L [Fe(CO)3(NO)]@(25 mol-%)
EtO" O THF, COyy), reflux MeO,C._CO,Me
)\/ > L
=
80
cation
Roustan (1979): Na
Zhou (1987): BuyN
State of research
Evans (1998):
)OJ\ M6020®C02Me
Rh(PPhs);Cl (5 mol-%) MeO.C. CO-M
MeO™ O P(OPh); (20 mol-%) 2 2ne
= ?
\H\/\ THF, 30 °C, 2 h =
83 %
97
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Case 1: The Fe-catalyzed Tsuji-Trost allylation

Working hypothesis

n'-allyl-pathway n3-allyl-pathway
oc CO OC
\ NO
ON\\Fe//L -co . oc\Fle/
R1J\%\R2 + CO R1/\\7\R2
i (+ PPhs) i
L (= CO, PPhy)
B + Nu-H Nu-H +B®
@ 1] IIG)
H-B [Fe(CO),L(NO)] [Fe(CO),(NO)] H-B
iii iv
Nu Nu Nu
" \' Vi
Review: Eur. J. Org. Chem. 2009, 775.
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Case 1: The Fe-catalyzed Tsuji-Trost allylation

EWG! _EWG?

=
Scope: R’ = R2 EWGl__EWG? FG _ R1 /k/\Rz

Fe-cat. (cat.) Fe-cat. (cat.)
PPh3 (Cat.) PPh3 (Cat.)
pip'HCI

Angew.Chem. Int. Ed. 2006, 45, 1469.
Angew.Chem. Int. Ed. 2008, 47, 198.
Angew.Chem. Int. Ed. 2009, 48, 7251.

Angew.Chem. Int. Ed. 2006, 45, 6053.

S. O ® OH
&N 0 Na R1)\%R2 el
FG; P L

Fe-cat. (cat.)

Fe-cat. (cat.)
PAr, (cat.) R-SH TRIMES (cat.)

Fe-cat. (cat.)

X SIANIS (cat.) N
Fer | o FO
JS/\/\ S /(')\/\
/ /
1 2 1 2
R R R1J\/\R2 R R

Org. Lett. 2009, 11, 3462. Eur. J. Org. Chem. 2013, 6310
Chem. Comm.. 2011, 47, 11113.

TECHNISCHE Prof. Dr. Bernd Plietker i
@ UNIVERSITAT Chair of Organic Chemistry | slide 13 oresoen § \
DRESDEN TU Dresden concert S



Case 2: Fe-catalyzed carbene transfer reactions

Electrophilic
metal catalyst

e.g. Cu(+1), Rh(+1ll), Co(+11), Ru(+1Il), Fe(+1l) etc.

[Met] R (1)

nucleophilic ?
‘ metal catalyst -
N
1. [Met] [Met]?[R
®N’ Mell R (2)
I N -N
©ON I 2
©N J
TECHNISCHE Prof. Dr. Bernd Plietker
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Case 2: Fe-catalyzed carbene transfer reactions

O
M
PhCHO Ph OFt
61%
O
BN %OEt PhSH
74% BuyN[Fe(CO);(NO)]
. . (TBAFe) i .
NH-insertion a SH-insertion
O
BnNH PhS
2 \)kOEt
69%
C
Doyle-Kirmse
reaction
SPh W/\/SPh
O OEt
65 %
a: 10 Mol-% TBAFe, 1.2 equiv. EDA, 1,2-dichloroethane, 60 °C, 18 h.
b: 10 Mol-% TBAFe, 1.2 equiv. EDA, 1.5 Aquiv. AsPh3 1,2-dichloroethane, 60 °C, 18 h.
c: 10 Mol-% TBAFe, 1.2 equiv. EDA, 1,2-dichloroethane, 60 °C, 2 h. ACIE 2012, 51, 5351
.
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Case 3: Fe-catalyzed nitrene transfer

Electrophilic

N/

@lTI’ [Met] [Met]\N,R Mef
etjls, R 1
@m @r@ - - N (1)
N ! - Ny

nucleophilic ?
metal catalyst

¥ |
D
[Met] [Met] « R
N’ . ‘@ Metls, R (2)
I N N
©ON I 2
©ON J
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metal catalyst | e.g. Cu(+l), Rh(+lll), Co(+lIl), Fe(+lll) etc.
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Case 3: Fe-catalyzed C(sp?)-H- and C(sp3)-H-bond amination

J

/
N\ /
37-86% Rt Ny, _R2
’ N 70-88 %
Carbazole Indole
R? o3 R2 R3 (
H
X X
7
N ZSNTORS
R6 H R2 R3
27-80 % N R*
Indoline R1—!
= H
N3
ACIE 2017, 56, 10582
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Fe-complexes with ,,gold-type” reactivity? A(n) (alchimistic) vision??

Facts:

- Iron is not gold

- Gold possesses unique catalytic properties

- Relativistic effects are considered (strong binding of
6-s-electrons, weak binding of 5-d-electrons) to be
responsible for the alkynophilicity of Au(l)-/Au(lll)-

complexes

(Review: Nature 2007, 446, 395)

Prof. Dr. Bernd Plietker
Chair of Organic Chemistry |
TU Dresden
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Fiction:

- Ligands can mimic the consequence of relativistic
(d-electrons in molecular rather than atom orbitals
might be more accessible for catalysis)

- Fe(0) is isoelectronic to Rh(D/Ir(1), Pd/Pt(ll) or Au(lll);

Fe(-1l) is isoelectronic to Au(l)

Are cationic Fe(0)-complexes are alkynophilic??

(L
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Expanding the scope - cationic Fe-NO-complexes...

©
ocC Allylic/benzylic substitutions
Felyo Carbene transfer reactions
oc/ Nitrene transfer reactions
CF3CO,H
PPh;
PhsF’\ Hydrosilylation
H_Fe.;nchg Hydroboration
Borylative cyclisation
PhsP
lHBF4
Ph3PR ®
3 \ CO =
o BF
/Fe‘NO 4
PhsP
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Case 4: Au-catalyzed cycloisomerization of enynes

Fensterbank, Malacria (2011):

catalyst:

H A
P(t-Bu)| o o ©
Ph  Au BF, @)
X >
H ¢ o) H
__ A CHs
O — -
+
H

|
O
A
Y

O @)
A
H
>
O
Fe-catalyzed redoxneutral cycloisomerization of enyne acetates
R1
R1R2 s
= L Rs Fe-cat (10 mol%) R?
X 0— X ;
\—\ O CH.Cly, 0.2 M, OYR
R* 50 °C, 22 h H R O ACS Catalysis 2016, 6, 7148
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Counter-ion effect

OAc

[Fe(CO)(NO)(PPhj3),1[BF 4] [5 mol%]
TS _N 7 > TS _N

\—\\ CH,Cl,, 0.2 M, 50 °C, 1 h OAc

no reaction

FsC CF, - 1°

CF3

FsC
BIIII||||
CF;

FsC CF,

FaC
BArF]©

OAc ( OAc \
[Fe(CO)(NO)(PPh3),][BArF] [5 mol%] /™ 7 S é
> Ts—N + Ts—N

CH,Cl,, 0.2 M, 50 °C, 1 h N

\ 56% j 27%

Ts—N

/jH
I
=

ACIE 2018, 57, 13335
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Fe-catalyzed cycloisomerization of vinylcyclopropanes

Wender (1995): Rh-catalyzed [5+2]-cycloaddition Echavarren (2006): Au(l)-catalyzed cycloisomerization

— 1 Rh(l)-cat., Ag-salt,

R _
/TR = /__ Au(l)-cat. OE
o igand > TsN. R > TsNiI&
o)
LA a !
H R? OEt

Fe-catalyzed cycloisomerization of vinyl cyclopropanes
®

RZ
PPhj
o= | ©
O ,Fe‘/c;o BF,4
—_ PhsP NO

TsN R® R!' — 15N

R4

R3=H main product
R3#H main product
ACIE 2022, e202205169
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Resumee

» Catalysis is an enabling technology for a
sustainable future (chemical) process

development.

» The majority of process however rely on the use

of precious metal-based catalysts.

» These metals are not found in the upper earth

crust.

Earth-abundant metal-catalysis could offer a

solution, but needs to be reinvented
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Thank you for your attention!!!!
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