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Reactions of Radical Intermediates

Destroying Radical Character Preserving Radical Character

P oS
I

2>

recombination
addition

v ¢

Q X

Additional examples: Additional examples:
disproportionations, rearrangements,
redox processes, etc. eliminations, etc.

Transition metals and metal cations can facilitate several of these processes
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Spin-Center Shift (SCS)

‘radical-ionic fragmentations of C-O bonds’
Beckwith, A. L. J. et al. Chem. Rev. 1997, 97, 3273.

‘radical-induced polar substitution and elimination reactions’
Zipse, H. Acc. Chem. Res. 1999, 32, 571.

'heterolysis of B-substituted radicals’
Crich, D. et al. In Radicals in Synthesis I, 2006, 1-38.

‘the 1,2-radical shift accompanied by the elimination of an adjacent leaving group’
Wessig, P.; Muehling, O. Chem. Eur. J. 2007, 2219.



Spin-Center Shift (SCS)

O
R—Y: 8 ix
adjacent electron-donating substituent/atom ‘
stabilizes generated radical cation sufficient overlap between

SOMO & C-X o*

suitable leaving group or
additive to facilitate elimination

Suh, C. E.; Carder, H. M.; Wendlandt, A. E. ACS Chem. Biol. 2021, 16, 1814.
Walton, J. C. Chem. Soc. Rev. 2021, 50, 7496.
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» Discovered in E. coli
» Catalyze the RLS in
production of dNDPs

Dr. Peter Reichard ribonucleotide reductase (RNR)
Karolinska Institute
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Synthesis of DNA: Deoxygenation of Ribonucleotides

PPO PPO
o —_— ©
HO OH O = base HO H
ribonucleoside deoxyribonucleoside
diphosphate diphosphate

Reviews on RNR:
Jordan, A.; Reichard, P. Annu. Rev. Biochem. 1998, 67, 71.
Eklund, H. et al. Prog. Biphys. Mol. Biol. 2001, 77, 177.

= Discovered in E. coli
= Catalyze the RLS in

s A B production of dNDPs
P8’ (orange)

Dr. Peter Reichard ribonucleotide reductase (RNR)
Karolinska Institute

Reichard, P.; Baldesten, A.; Rutberg, L. J. Biol. Chem. 1961, 236, 1150.



Synthesis of DNA: Deoxygenation of Ribonucleotides

Electron Spin Resonance of the Iron-containing Protein
B2 from Ribonucleotide Reductase*

(Received for publication, December 2, 1971)
AnNDERS EHRENBERG AND PETER REICHARD

From the Department of Biophysics, Universily of Stockholm, and the Department of Biochemistry, Medical
Nobel Institute, Karolinska I'nstitutet, Stockholm, Sweden
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Ehrenberg, A.; Reichard, P. J. Biol. Chem. 1972, 247, 3485.
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Ribonucleotide Reductase—
A Radical Enzyme

Peter Reichard and Anders Ehrenberg

Ehrenberg, A.; Reichard, P. Science 1983, 221, 514.

It was with some trepidation that we
suggested in 1972 that one of the two
subunits (protein B2) of the enzyme ribo-
nucleotide reductase might contain a sta-
ble free organic radical as part of its
structure (/).



Synthesis of DNA: Deoxygenation of Ribonucleotides

Ribonucleotide Reductase—
A Radical Enzyme

Peter Reichard and Anders Ehrenberg

Ehrenberg, A.; Reichard, P. Science 1983, 221, 514.

The protein had spent
about 2 weeks in aqueous media during
our efforts to prepare a homogeneous
enzyme. We knew that protein B2 con-
tained stoichiometric amounts of iron (2)
and decided to apply electron paramag-
netic resonance (EPR) spectroscopy to
characterize the state of the iron.
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Ribonucleotide Reductase—
A Radical Enzyme

Peter Reichard and Anders Ehrenberg

Ehrenberg, A.; Reichard, P. Science 1983, 221, 514.

Much
to our surprise, we found a signal con-
sisting of an asymmetric doublet cen-
tered at g = 2.0047 (curve A, Fig. 1) that
had all the hallmarks of an organic free
radical and thus apparently did not de-
rive from the iron of protein B2.
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Ribonucleotide Reductase—
A Radical Enzyme

Peter Reichard and Anders Ehrenberg
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Ribonucleotide
reductase ATP
Substrate dATP
specificity dTTP
SHsH __ sHSH site dGTP
R1
2 X 86 kDa Over all
T & SgHSH activity _ ATP
site dATP
R2
2 X 43 kDa

Active site
lron-stabilized tyrosyl radicals

Eklund, H. et al. Prog. Biophys. Mol. Biol. 2001, 77, 177.
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Himo, F.; Siegbahn, P. E. M. Chem. Rev. 2003, 103, 2421.
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RNR Mechanism

Cys439 Cys439

1,2-SCS
Glud41
= RNR catalyze all new prouction of deoxyribonucleotides
Cys462/2 = Expression of RNR are high during cell replication
= Potential target for anticancer agents
ys439
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Himo, F.; Siegbahn, P. E. M. Chem. Rev. 2003, 103, 2421.
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No involvement of cysteine pair SH SH
prevents ketone reduction
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Stubbe, J.; van der Donk, W. Chem. Biol. 1995, 2, 793.
Robbins, M. J. Nucleotides Nucleosides Nucleic Acids 2003, 22, 519.
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Stubbe, J.; van der Donk, W. Chem. Biol. 1995, 2, 793.
Robbins, M. J. Nucleotides Nucleosides Nucleic Acids 2003, 22, 519.
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Spin-Center Shift (SCS)

Synthetic Applications

1. Norrish-Yang SCS

2. C-0O bond activation

C-X bond
3. C-Hal bond activation activation
4. C-N bond activation
X
C-N Cc-O
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Wessig & Muehling

Angew. Chem. Int. Ed. 2001, 40, 1064.
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Type 2

Wessig & coworkers
Synthesis 2001, 1258.
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SCS Norrish-Yang Reactions

o) R R
R (o) O~ x_-0

R

Type 1 Type 2 Type 3 Type 4

o) i 0] o)
Ph o ND / X

(o)
PhMO
Wessig & Muehling Wessig & coworkers Wessig & coworkers Wessig & coworkers
Angew. Chem. Int. Ed. 2001, 40, 1064. Synthesis 2001, 1258. JOC 2004, 69, 7582. JOC 2004, 69, 7582.

Types 2 & 4 (C-O bond formation) are preferred over Types 1 & 3 (C-C bond
formation) when an additional electron-witdrawing group is present
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Taylor & coworkers:

BzO Ir photocat. (1 mol %) BzO
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HO OH 60%

Taylor, M. S. & coworkers Chem. Sci. 2020, 11, 1531.
Masuda, Y.; Tsuda, H.; Murakami, M. Angew. Chem. Int. Ed. 2020, 59, 2755.
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-
blue LED, CH,Cl,, rt o
HO OH 60%

Taylor, M. S. & coworkers Chem. Sci. 2020, 11, 1531.
Masuda, Y.; Tsuda, H.; Murakami, M. Angew. Chem. Int. Ed. 2020, 59, 2755.



C-O Bond Activation

Dehydration Reactions

Murakami & coworkers:

o
NaO3S SO3Na
C on
(50 mol %) HO CO,Na
NaOH (1.5 eq.) HO
D-glucose _UV light (365 nm_) 2-deoxysugars

via

Taylor, M. S. & coworkers Chem. Sci. 2020, 11, 1531.
Masuda, Y.; Tsuda, H.; Murakami, M. Angew. Chem. Int. Ed. 2020, 59, 2755.



C-O Bond Activation

Dehydration Reactions

Wendlandt & coworkers:

4-CzIPN (2 mol %)
quinuclidine (5 mol %)
OMe Mn(OACc),+4H,0 (10 mol %)

BusNOACc (5 mol %) o OMe
o7 N
HO blue LED, MeCN/DMSO, rt HO

OH 50%
via[ OMe | OMe OMe
Hom# sCs HO@QW| or Ho%§7|
Q‘ o. } HZO (0} Mn"O
Nn]

Mn facilitates SCS through Lewis acid activation
or inner-sphere electron transfer

Carder, H. M.; Suh, C. E.; Wendlandt, A. E. J. Am. Chem. Soc. 2021, 143, 13798.



Reductive Functionalization of Ketoepoxides & Ketoaziridines

AN

Ru photocat (5 mol %) H
Hantzsch ester (1.1 eq.)
DMSO, 14 W lamp

< =

Ir photocat (5 mol %)
X =0, NTs Hantzsch ester (2.1 eq.)
DMSO, 14 W lamp WX Q

Ollivier, C. & coworkers. Angew. Chem. Int. Ed. 2011, 50, 4463.



MacMillan & coworkers:

Jin, J.; MacMillan, D. W. C. Nature 2015, 525, 87.

Alkylation Reactions

Alkylation of heteroarenes

Ir photocat. (1 mol %)
RSH (5 mol %)
TsOH (2.0 eq.)

O YOH " pue LED, DMSO. rt



Alkylation Reactions

Alkylation of heteroarenes

MacMillan & coworkers:
Ir photocat. (1 mol %)
RSH (5 mol %)

TsOH (2.0 eq.) TN
- -
O YOH " pue LED, DMSO. rt NN
| N
IWA
(R)lo
H COH
H+

For a related transformation using LiBr as an HAT mediator, see:
Wang, Z.; Ji, X.; Han, T.; Deng, G.-J.; Huang. H. Adv. Synth. Catal. 2019, 361, 5643.

Jin, J.; MacMillan, D. W. C. Nature 2015, 525, 87.



Alkylation Reactions

Alkylation of heteroarenes

MacMillan & coworkers:

En

o)

o)
o e
‘HBr N = Ph N~ Me
H

Nacsa, E. D.; MacMillan, D. W. C. J. Am. Chem. Soc. 2018, 140, 3322.



C-X Bond Activation

Noble, Booker-Millburn, & Aggarwal:

20

4-CzIPN (5 mol %)
Cl 0 'ProNEt (1.2 eq.) o
: AcOH (0.80 eq.) :
N—R > T
MeCN/H,0 (4:1) N—R
H o 36 W blue LED, rt :
H o

Deeprose, M. J.; Lowe, M.; Noble, A.; Booker-Millburn, K. I.; Aggarwal, V. Org. Lett. 2022, 24, 137.



C-X Bond Activation

Houk & Wang’s C-F activation:

DMAP-BH; (1.5 eq.)

0 TBHN (20 mol %) o
PhSH (20 mol %) R Can also achieve two-fold
\Y&Rf > Y t defluorinative reduction
F F NaH2PO4‘2H2O (1 2 eCI) F H

MeCN 36 W blue LED, rt
Re=For CF3

Houk, K. N.; Wang, Y.-F. & coworkers. Science 2021, 371, 1232.



Houk & Wang'’s C-F activation:

o)
R
QY& f
F F
Rf=For CF,
§_ X = radical process
} < F —— stageA —>
(@) F
from trifluoroacetic
acid/anhydride

\)\,, radical trap —@) /+
- YOH

first

§ X7 /;-:\ B-C-F cleavage
Y-0 —— SCS —™
-F
(Int-Il)

Houk, K. N.; Wang, Y.-F. & coworkers. Science 2021, 371, 1232.

C-X Bond Activation

DMAP-BH; (1.5 eq.)
TBHN (20 mol %)
PhSH (20 mol %)

NaH2PO4’2H20 (1 2 eq)
MeCN 36 W blue LED, rt

Can also achieve two-fold
defluorinative reduction

- oo

radical process

stage B —>

!

@

@) F

ooty de

radical trap —@) [ H,0

or radical trap - YOH
second
_ ( —) B-C-F cleavage §—X+
>—& —— scs — \
y-0 7
(Int-III) Int IV (Int-V)

C-F bond reduction and alkylation
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