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Radical iodination: A real challenge!

* Direct iodinations of unactivated C—H bonds with iodine radical are impossible

H
)< + |G> _— )Q + HI AH298 = +23.7 kcal mol'1

|
)Q T S |©  AHggg = —19.8 keal mol”

e Hl acts as reducing agent!
* C-l bond cleaved by UV n to o* excitation (about 260 nm)

* C-l often used as intermediate (very unstable)! = quenched
* Isolation challenging (especially benzylic C—I compounds)

Fokin, A. A.; Schreiner, P. R. Adv. Synth. Catal. 2003, 345, 1035; Pfeiffer, W. D., Hartung, J. Science of Synth. 2007, 35, 541-548;705— 2
706; Niclas, H. J.; Zeuner, F.; Grindemann, E.; Z6lch, L. J. prakt. Chem. 1987, 329, 400.



lodination: State of the art

Buol
Tanner R-H ~ Rl aliphatic-CH: 28 — 51%; benzylic-CH: Bnl 34% (isolated yield)
Freon 113, 47 °C
Cl y
Freon 113 F)$<
F F
Schreiner Cl, + H Ccl,” + HO® aliphatic-CH: 16 — 92% (isolated yield)
) ©
©Clj
R-I
RGO
HCI3
HZCIz

Tanner, D. D.; Gidley, G. C. J. Am. Chem. Soc. 1968, 90, 808; Schreiner, P. R.; Lauenstein, O.; Butova, E. D.; Fokin, A. A. Angew. Chem. 3
Int. Ed. 1999, 38, 2786.



lodination: State of the art

Phl(OAc), (1 equiv), I, (1.1 equiv)
Gonzalez R-H > R—
'‘BUOH (1 equiv), r.t., hv

NaO'Bu(1 equiv), I, (1 equiv)
Wirth R—H R—I
40 °C,15h

©
'BuO ~—— Buol = o~ NomBy

BnCO5H (1 equiv)
Cul (2 equiv)
Zhang R-H >~ Rl
TBHP (3 equiv) in 'BuOH
80°C,5h

Cul + BUOOH ————

aliphatic-CH: 85 — 97%; benzylic-CH: Bnl 92%
(GC-MS yield)

aliphatic-CH: 23 — 85%; benzylic-CH: Bnl 50% (isolated yield)

(O]

—_— /I\

'BuO0” ~OBu

aliphatic-CH: Cyl 7%; benzylic-CH: 42 — 49%
(isolated yield)

cu!! —— Cu'OOCR + BuOI

Barluenga, J.; Gonzalez-Bobes, F.; Gonzalez, J. M. Angew. Chem. Int. Ed. 2002, 41, 2556; Montoro, R.; Wirth, T. Org. Lett. 2003, 5,
4729; Montoro, R.; Wirth, T. Synthesis 2005, 2005, 1473; Ling, X.-G.; Xiong, Y.; Zhang, S.-T.; Huang, R.-F.; Zhang, X.-H. Chin. Chem. 4

Lett. 2013, 24, 45.



lodination: State of the art

method A
/OAc I, (1.1 equiv)
I TMSN3 (0.1 equiv)
R-H + O > R—I
©:§< 60°C,15h
O
(1 equiv)

aliphatic-CH: 17 — 40%; benzylic-CH: 36 — 72%

method B
NaN; (3 equiv)
I, (1 equiv)
R-H > R—I
ACzO, H2O

0°C+40°C, 13 h

aliphatic-CH: 54 — 67%; benzylic-CH: 29 — 94%

Mechanism
pAc
I\
CLp
(0]
\ TMSN,4
OAc Na
I\ I\
0] O
112 1,
(0] (0]
©
I\
CH,CO,l IN, o)
(0]
R-H

o e

Barluenga, J.; Campos-Gémez, E.; Rodriguez, D.; Gonzdlez-Bobes, F.; Gonzalez, J. M. Angew. Chem. Int. Ed. 2005, 44, 5851. 5



lodination: Possible? o,

NIS (1 equiv)
Cu(OAc),* H,0 (0.02 equiv)

NHPI (0.1 equiv) ©/\I
CH,ClI,, 25 °C

<

(1 equiv) 15h 1%
DIH (0.6 equiv) e)
Cu(OAc),* H,0 (0.02 equiv) I J(
©/ NHPI (0.1 equiv) ©/\I ©/CHO >’|\1\X<N_I
CH,Cl,, 25 °C o)
(1 equiv) 1on 19% 3% DIH

Yield determined by NMR with DMT as internal standard.

Several facts suggest that DIH acts as an I+ donor
fornthenaromationsubstratess’ Its applicability and
the comparison of the reaction conditions required for
different classes of compounds (Table I) indicate that

the attacking species is electrophilic in nature. (JFur=)

Orazi, 0. O.; Corral, A.; Bertorello, H. E. J. Org. Chem. 1965, 30, 1101.



Sulfonylamidation with DIH

DIH (1.8 equiv) NHTs Rt

©/\R2 TsNH. (1 equiv) O)\Rz H
- C(CH
R! CCly (0.5 mL) R B( )3
(5 mmol) 60 °C,24 h r
TsNH> | -HI CO,CH;

Br

DIH H

TsNH-I <«—— TsNH,

|
60 °cl : L R2
Ri

TsﬁH

©/\R2 Q\Rz
R! R'

2

v

I T T

CH,
CH,

yield%
37
30
44

40
63
90

Baba, H.; Togo, H. Tetrahedron Lett. 2010, 51, 2063.



Cyclization with DIH

! (1.2 equiv)
N
O O [ O-
HOO o N \wd Q0
= X N, X
Xy | > i X~y
iPr > Pr
0 CH,Cly, rt
Zior 9 18a X =0, Y =CMe;,

15b X=NMe, Y =CO
15a 45%,12.5:1 regioselection, >20:1 dr
15b 49%, >20:1 regioselection, >20:1 dr

f\:/Et [/>_/Et DIH m_it
O-g o} O]

O-g |

Krabbe, S. W.; Do, D. T.; Johnson, J. S. Org. Lett. 2012, 14, 5932; Bloodworth, A. J.; Curtis, R. J. J. Chem. Soc., Chem. Commun. 1989, 3
173.



lodination: Solubility o

DIH (1 equiv)
©/ NHPI (0.17 equiv) ©/\I /©/002Me
CH,Cl,, 25 °C MeO,C
16 h
(1.7 equiv) DMT (Int. Stand.)

1 18 2
1.5 27 3
2 33 3

2 Yield determined by NMR with DMT as internal standard.



lodination: NHPI loading 9:;\
(\

©/ DIH (1 equiv) ©/\I /©/002Me
CH,CI, (2 mL), 25 °C MeO,C
16 h
(1.7 equiv) DMT (Int. Stand.)

[equiv.]
0.08 13 <1
0.17 33 3
0.25 38 1
0.33 39 1

2Yield determined by NMR with DMT as internal standard.
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lodination: Substrate loading et

DIH (1.0 equiv.)

©/ NHPI (0.17 equiv.) ©/\| /©/C02Me
MeOzC

CH,Cl, (2 mL), 25 °C
16 h

DMT (Int. Stand.)

PhMe [equiv.]? Bnl [%]° PhCHO [%]"

1.7 33 3

3.4 60 1

6.8 69 1
3 Equiv. related to DIH. ® NMR-yield with DMT as internal
standard.
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lodination: Acid f«.’h“‘ /

DIH (1.0 equiv.) -

NHPI (0.17 equiv.) COM

Acid (0.36 equiv.) olvle

©/ CH,Cl, (2 mL), 25 °C ©A MeOZC/O/
(6.8 equiv.) 2oh DMT (Int. Stand.)
pK, in H,O Bnl [%]? pK, in H,O Bnl [%]?
(DMSO) (DMSO)
1.34 (6.4) Dichloro
4.2 (11.1) PhCO,HP 36¢ acetic acid
4.2 (11.1) PhCO,H 63¢ 1.2 Suﬁ?O”r‘]!:’Ch;Crid 12
4.75(12.6) AcOH (100%) 62
oy = 0.7 p-TsOH 12
C
S —— 0.23 TFA 21 + S Ar
3.53 Diphenic acid 65
_ -1.9 (1.6) MsOH S¢Ar
3.42 (9.0) p-nitro 15 .
benzoic acid (Ph);PS -
719 (8.2 it 68 2 NMR yield with DMT as internal standard.
e o-nitro- b 0.18 equiv. related to DIH. € 69% after 22.5
benzoic acid

h. 4 68% after 22.5 h.

Denmark, S. E.; Burk, M. T. Chirality 2014, 26, 344. 12



Substrate scope and limitations

/’:A,‘\
0 28
A
(0.375 mmol, 1 equiv.)
J\,.r'
{ : \
2 0 N- OH—> N-00O
4 (0.17 equiv.) v
R 0-NO,CgH,4CO5H (0.36 equiv.)
5 (2.5 mmol) CH,Cl, (2 mL) 7
25-27°C,3h
CO,Me cl
saleansaliicaloaacalse
MeO,C cl
6, 60% 8, 48% 9,51% 10, 65% 11, 67% 12, 49% 13, 49% |mporta nt criteria?
23 h
| | | | |
NCQA NCQA i CQA 5 NQA FQA * BDE toluene (88 kcal mol?)
3 2 .
14, 35% 15, 69% 16, 37% 17, 61% 18, 40% VS. p—methylanlsole (87 kcal mol'l)
17 h
©/\ J@A J@)\ ‘/\‘ * Radical stability 14 vs. 15
fraces 69% * EWG group (low-lying SOMO)
e @ @o -
15% NMR
MeO.C_ I EtOH MeO,C_ OEt MeO,C_ I
(2.5 mmol)
=m0 é
instable traces 1



Maximum yield; iodine activity in DIH

A
(0.375 mmol, 1 equiv.)
/\—§ TBAbenzoate
©/ ©/\ (24 equiv.)
4 (0.17 equiv.) 0.5h
0-NO,CgH4CO,H (0.36 equiv.)

5 (2.5 mmol) CH2250|§ ;2021” 6 53% 5%

* Portionwise addition of DIH no benefit
* Further addition of NHPI after 1 h no benefit
* Dry and degassed conditions no benefit
 Maximum yield about 60 to 65%; all iodine in DIH (2) active?
0] (0] (0]
©/ iodine source (0.075 mmol, 1 equiv.) ©/\| I\N)J\N/ I\NJ\N/l \N)J\N/I
4 (0.17 equiv.) A\—< /\—< A\—<
o—N02C6H4002:q(0.36 equiv.) o o 0

5 (0.5 mmol) CH,Cl, (0.4 mL) 6 1 2 3
25-27°C,3h 20% 51% 49%

NMR yield with DMT as internal standard.

14
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Substrate scope DIH (A) vs. 3-ITMH (B)

2 or 3 (0.375 mmol, 1 equiv.)
NHPI (0.17 equiv.)
O-N02C6H4C02H (036 equiv.)

1
N” N SN N
RPh-CHs > RPhCH,I /\—§ A\—Q
o) 0

I~

A (2.5 mmol) CH,Cl; (2 ml)
B (4.5 mmol) 25-27°C, 3 h 2(A) 3(B)
CO,Me Cl
MeO,C cl
MeO,C Cl
6 8 9 10 11 12 13
A 60% A 48% A 51% A 65% A 67% A49% (23h) A 49%
B 67% B 30% B 55% B 60% B 64% B 59% B 64%
NC NC FsC O,N F
14 15 16 17 18
A 35% A 69% (17 h) A 37% A61% A 40%
B 50% B 68% B 68% B 68%

15



Mechanism — How does the reaction work?

A9

electrophilic

20

nucleophilic

A9

electrophilic

A9

nucleophilic

B-H
electrophilic

B-H
nucleophilic

B-H
nucleophilic

B-H
electrophilic

slow

slow

fast

fast

N-O

®©
A-H + B

©
A-H + B

©
A-H + B

O]
A-H + B

— LUMO

SOMO
nucleophilic

radical
+ HOMO
R-H

OG)
NO, . é/Noz
CO,

SOMO
electrophilic
radical

P. Roberts, B. Chem. Soc. Rev. 1999, 28, 25.
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Light for the mechanism? Polarity-reversal catalysyis

MeO®+ CH3CN MeOH +®CH2CN

/ TS:AtoC °
p (77.7) 5

catalyzed

A: MeO-
+ CH;CN
[+ NBS_H] B: MeOH
(0.0) + VHaCN C: MeOH
(_1 44) + ‘CHQCN
[+ NB—H]
(~29.8)

B2K-PLYP/aug‘-cc-pVTZ//BHandH-LYP/6-31+G(d,p)

AG,gq [k mol?]

P. Roberts, B. Chem. Soc. Rev. 1999, 28, 25; Chan, B.; Easton, C. J.; Radom, L. The J. Phys. Chem. A 2015, 119, 3843.
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Purple reaction mixture - what is the role of iodine?

o

2.5 mmol

o

2.5 mmol

o

2.5 mmol

+2e
2I@ E°=+053V

I, (0.375 mmol)

NHPI (0. 0625 mmol) N- O@ +yO E°=+144V
E° =+ 0.85V (pyridine)
CH,Cl,, 25 27 °C

15 h

I, (0.375 mmol)
O-N0206H4CO//2H (036 eqUiV)

77 >

©AI  Addition of Co(OAc), also

NHPI (0.0625 mmol) did not work
CH,Cly, 25 - 27 °C
3h
A: No |
B 1, (0.0375 mmol) )0]\ Halogen bond
PIR (0.875 mmol) | ©A' NN * 1, acts as lewis acid (halogen
NHPI (0.0625 mmol) A 590 i SO bond donor)
CH,Cly, 25 - 27 °C b \
Y B 13% l> * (=0 (halogen bond acceptor)

NMR yield with DMT as internal standard.

Masui, M.; Ueshima, T.; Ozaki, S. J. Chem. Soc. Chem. Commun. 1983, 479; Nicolas, |.; Barriére, F.; Jeannin, O.; Fourmigué, M. Cryst. Growth
Des. 2016, 16, 2963; Laurence, C.; Graton, J.; Berthelot, M.; El Ghomari, M. J. Chem. Eur. J. 2011, 17, 10431; Le Questel, J.-Y.; Laurence, C.;

Graton, J. CrystEngComm 2013, 15, 3212; Lommerse, J. P. M.; Stone, A. J.; Taylor, R.; Allen, F. H. J. Am. Chem. Soc. 1996, 118, 3108; Kratzer,
P.; Ramming, B.; Romisch, S.; Maas, G. CrystEngComm 2015, 17, 4486; Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati,

G.; Terraneo, G. Chem. Rev. 2016, 116, 2478.
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What is the role of acid? Only proton source?

DIH (1.0 equiv.)
NHPI (0.17 equiv.)

©/ Acid (0.36 equiv) ©/\ /O/C02Me
MeO,C

CH,Cl, (2 mL), 25 °C
(2.5 mmol) 25h

DMT (Int. Stand.)

= e

- 8
0-NO,C.H,CO,H 9.0 69
NH,CI° 10.5 56
PhCO,H 11.1 63

a NMR-yield with DMT as internal standard. ?3 h.

oG

19



Activation of 3-ITMH by acid

' A=0.008 ppm ' A=0.005ppm
“‘ “ O
A
- - B JAN - A - N~ #\(N*I +
(0]
3
o
N
N
)
3
o)
A
7
24‘94 2.‘92 2.‘90 2.‘88 2.‘86 24‘84 2.‘82 2.‘80 2.‘78 1 .‘40 1 .‘38 1 .‘36 1 4‘34 ©
1 (ppm) 1 (ppm) 3
179.21 154.91
0 CO,H
| | L A NO
WA AP MM NN 0 1 oo oo M ﬂN—l +
(6]
3 O (0.36 equiv.)
A =0.09 ppm A=0.16 ppm
179.12 154.75
£
N
e
0
T T T T T T T T T T T T 3
180 175 170 165 160 155 150 145 140 135 130 125

f1 (ppm)

CO,H

(0.36 equiv.)

N—I +  NH,4CI
ﬂ (0.36 equiv)

B3LYP/6-311G*

®
o-H 0O
I\N//< I\N//<

#\(N—I - N—I
o] O~
p ® "
6 kcal mol
more stable

Filimonoy, V. D.; Krasnokutskaya, E. A.; Poleshchuk, O. K.;
Lesina, Y. A.; Chaikovskii, V. K. Russ. Chem. Bull. 2006, 55, 1328.
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Summary and outlook

* Up to 68% isolated yield
* Smooth reaction for EWG-C,H.CH,
« DOSY NMR shows complex formation

_H\\

0
PhMe o)
0
: §~§O\ Y
N-00 ‘I’NW
7 0

O\
/ 20 2 W/
®
Initiation ©/ A
19 O\W

L

oN N—

O \
v o
21

O%N\ PhMe

3
Regioselectivity

o)
N-OH
4 O
O,N OMe 03N OMe
- ~O-C-

[::T/\w

6

Combe, S. H.; Hosseini, A.; Parra, A.; Schreiner, P. R. J. Org. Chem. 2017. DOI: 10.1021/acs.joc.6b02829
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