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Hydrogen Atom Transfer (HAT): e ®\B A® ¢

Controlled by different parameters, amongst which the enthalpy is crucial;
Most are exothermic irreversible processes;
Activation energy is also sensitive to polar effects (O, N, S...);

Ideal arrangement of the three atoms is linear;

Distance between A- and B-H should be < 3 A. M“

Nechab, M.; Bertrand, M. P. Chem. Eur. |. 2014, 20, 16034

2 General reaction profile of 1,n-HAT.



1,5-HAT vs 1,6-HAT

|,5-HAT are enthalpically slightly disfavored compared to |,6-HAT

However:

|,5-HAT: six-membered transition: the C-H-X angle close to 180°.

So, 1,5-HAT are the most favored processes.

Entropic factors: six-membered > seven-membered transition states.
For reviews on radical chemistry:
a) G.Majetich, K.Wheless, Tetrahedron 1995,51,7095-7129;

Il
e g R ¥
b) Z.Cekovi¢, J. Serb. Chem. Soc. 2005, 70, 287-318;
c) L.Feray, N. Kuznetzov, P.Renaud in Radicals in Organic Synthesis Vol. 2 (Eds: P. Renaud, M.
P. Sibi), Wiley-VCH, Weinheim, 2001, pp. 246-278;
d) J. Robertson, J. Pillai, R. K. Lush, Chem. Soc. Rev. 2001, 30, 94—-103;
e) J. Sperry,Y.-C. Liu, M.A. Brimble, Org. Biomol. Chem. 2010, 8,29-38;
f) A. Gansuer, T. Lauterbach, S. Narayan, Angew. Chem. Int. Ed. 2003, 42, 5556-5573;

ﬁ) F. Dns, F Beaufils, P.Renaud, Synlett 2008,2389-2399.
) S. Chiba, H. Chen, Org. Biomol. Chem. 2014, [2,4051.
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1,6-HAT involving oxygen-centered radicals

Normal linear substrates:

R
. H_-R
U 0 R (
H — +
>
1 2 3

Tertiary carbon and rigid structure.

Pb(OACc),

\j

benzene, reflux
90 °C

W.A.Ayer, D.A. Law, K. Piers, Tetrahedron Lett. 1964, 5, 2959



Adjacent to Oxygen.

\"

%, @
%,

Pb(OAC)4 (3 equiv),

| I, (1 equiv)
H CeHe, reflux, hv
21.1a 80% a0

E. Suarez, et al. Tetrahedron Lett. 1983, 24, 4621

C;HJ e C¢\7 (\@LJ
O
Y \/ 2b

CyH, reflux

Kay, I.T.; Williams, E. G. Tetrahedron Lett. 1983, 24,5915
Kay, |.T.; Bartholomew, D. Tetrahedron Lett. 1984, 25,2035



A series R=Me

B seres R=H
Danishefsky, S. J. et al.
Tetrahedron Lett. 1987, 28,4951. components 1 X = -CH=CH-
Tetrahedron Lett. 1987, 28, 49. OH
J.Am. Chem. Soc. 1989, 1 1 ],2967. components 2 X = -CH,~CH-
Avermectin A, (1)
7 components a R = Et

components b R' = Me R=Me, R=FEt X = -CH=CH-



NIS, benzene, 35 °C OTBS OTBS
HO” """ 0TBS
NaHCO;, UV

1

60%:7%

C. E. McDonald, et al, Tetrahedron Lett. 1989, 30,4791

’\ PhI(OAc), (2equiv) \/\

O o) OH i o)
Ph \/\r 2 =) O 0
- hv, CgHg, RT Ph
21.1b ey 21.2b

K. Furuta, T. Nagata, H.Yamamoto, Tetrahedron Lett. 1988, 29,2215.



[Ox] MeQ™ N 7\ " ‘>
70% MeO““‘ @)
MeO OMe
€V 22.4a

22.2a R=Me
22.2b R=Ac

OAc OAc
22.5b 22.6b

The acetoxy group increases the BDE of the C-H bond at C4;
The C-H bond is stronger by |.4 kcal/mol in CH;C(O)OCH,H than in CH;OCH,H;
The incoming radical at C4 becomes less nucleophilic.

E. Suarez, et al. Org. Lett. 2002, 4, 1959.
E. Suarez, et al. Tetrahedron 2007, 63, 8910.

|. Perez-Martin, E. Suarez, Encyclopedia of Radicals in Chemistry, Biology and Materials,Vol. 2
(Eds.: C. Chatgilialoglu, A. Studer), Wiley-VCH, Weinheim, 2012, pp. I | 31— | 1 74.

Comprehensive Handbook of Chemical Bond Energies (Ed.:Y-R. Luo), CRC Press, Boca Raton,

2007, pp. 73 and 96.
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Capture the forming radical with ATBT:

ONPhHt
A~ Sn-nBugs PO - ( )m\
(10 equiv) 7// OH
- PO
e AIBN ()n
B fl
231 enzene, reflux 23.2 =1or2
a—isomer 35%
B-isomer 58%

E. Suarez, et al. Tetrahedron Lett. 2008, 49,5179



Selective de-methylation:

MeO OH
O

MeO
241

JDIB |
®'CH2 ?

oO

OMe

MeO
24. 2

l1 ,6-HAT

O

Ho JOH
overall 0
- "MeO OMe
77% OMe
24.6
1)AcOH, TFAA
2) NaOH
MeOH-H,0
% e
OMe Meo&/
24.5a 68%

] 24.5b 14%

X3 OH

= &&,
MeO OMe
e OMe
24.4

E. Suarez, et al. Org. Lett. 2004, 6, 3785



Redox process

A. o

ONBS 2o, cucl,
H 4% LiCl NBs
>
R acetone |R

O

H

‘ Ph

= Ph|CH,Cl, R
B o4 LR T ey
| R=H, 25.5a 13%
J oxydative 1-[Cu”] R=Me, 25.5b 74%
cyclization
em-dimethyl effect
i 16-HAT 9 ) Y
A Pl 8¢ N—[Cu"]
0 5
I R ~ph
O-radical [Cu] 25.2 R 253

O~-NBs 5% CuCl,

H 5% BU4NC|
CHQC|2
Me 0
25.6 L

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

o ok

1.6:1 25. 8"
Non-Benzylic position

12 T.Y.Yoon, et al. . Am. Chem. Soc. 2009, /31, 12560



1,6-HAT involving Nitrogen-centered radicals
Me 0

BN [Cu(PPh3)CI], )K/\/\
Ph )N<"O/\/\ THF, reflux Ph -
Ph = 69% O

(£)-2a
‘hydrolysis
Me
i | Ph_ Me \
PR NH + —Cul ) {j)
— ™ NH
1,5-HAT Ph o Ph
“CUII
B C

Q\ 1,6-HAT
o) OH
N [Cu(PPh3)Clls

~

O /
O/K/\/\,; THF, reflux

(2)-12 13a (16%)

J.Aubé, et al. J. Org. Chem. 2012, 77,7005
4
J.Am. Chem. Soc. 1992, | 14, 5466




Hofmann-Loffler-Freytag reaction

& n =12
R1 R2 1.H= A { lﬁ. n=1,
i ¥ i Vi = RISy X =Cl, Br, |
}!{ 2. base l? R' = alkyl, aryl, H
i 2 R R* = alkyl, acyl, H
N-halogenated amine cyclic amine

a) A.W.Hofmann, Chem. Ber. 1883, 16, 558-560;
b) K. Loffler, C. Freytag, Chem. Ber. 1909, 42, 3427-3431.
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Usually, 1,5-HAT is major reaction.

For more details, see: M. E.Wolff, Chem. Rev., 1963, 63, 55.
|4


http://en.wikipedia.org/wiki/File:General_scheme.gif
http://en.wikipedia.org/wiki/File:Reaction_mechanism_Scheme_8.gif




Recent interesting developments on 1,6-HAT :

Me

oxazaspiroketal-containing bissteroidal pyrazine

M. Koag, S. Lee, Org. Lett. 201 1, 13,4766



Rz _R3

CuBr-SMe; (20 mol %) R4

\I: 2,2"-bipyridine (20 mol %) N’&HE
.S

R4 ~NH
A DMSO-PhCF; (5:1),80°C g+ 0 R?®
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S. Chiba, et al. . Am. Chem. Soc. 2012, /34, 11980



Me R2
R% Me CuBr-SMe, (20 mol %)
2,2'-bipyridine (20 mol %) N
NH > ,k Me
,& DMA-PhCF4 (5:1), 120 °C 0 M
R SNH 3 under O, (1 atm) € 4
4a (R = Ph, R? = H): 67% 4d (R'=Ph, R2=Br): 72%
4b (R' = 4-CF4C¢H,4, R2 = H): 68%

Br
4c (R = 2-thienyl, R? = H): 42% 4e (R = Q/D)&, R2 = H): 65%
N
Me

Ph

[CU”] 0,

HN

NH

0

NH af

;

CuBr-SMe, (20 mol %) Me
2,2'-bipyridine (20 mol %)
> N
DMF, 120 °C M
under O, (1 atm) Ph™ N
5f 49%
(40% recovery of 3f)
~H,0 T
Me Me
[CU']
HN — HN
.
PhANH 0 Ph’J*‘ N~ OH

S. Chiba, et al. . Am. Chem. Soc. 2012, /34, 11980



cat. Cu(OAc),

Phi(OAc), :
1
R\,N/\{ K3PO4 R‘N /XRS
R* > J 4
R2J§NH DMF, rt R N R
under Ar
Ph._ Me 20% Cu(OAC), Ph. Me
/TL Me PhI(OAc), (1.8 equiv) N Me
o =~
Ph” “NH ~Ph KsPO, (2 equiv), DMF F’h/I\N Ph
271 27.5, 65%
n + oxidative
[CuTl|-H cyclizatinnT
Ph. MI‘?I Me Me
A e _ [CU"] Ph . e 1.6-HAT Ph HNPK_
R+ —— «—Ph
Ph™ =N "Ph ~~ —Ph
| Ph/gr:l H Ph/J%NH
[cu'l] 27.2 27.3 27.4

S. Chiba, et al. Org. Lett. 2013, /5,212



Me'

2,6-dimethyl-4-heptanol

Me

OH Me

Me

a. CFaCH,NCO

-

¢. PhCF3, CBry, hv
-
100 W Flood Lamp

e. K2003

O CF,
Me O/U\H)
Me Me

1(97%) Me

b. CH3CO,Br l

0
Me OJLN

WL
Me Me

CFs|

J

L 1w W
Me OH OH
Me Me
4 Me

(69% isolated overall)

5 (92, dr3.5:1)

OH OH

H

OH OH

I 7(91,dr1:1) I

6 (45, 949)°
OH Me 0 OH OH
/\/l\/\)\ MeO Me
HO e Me Me
8 (41, 82Y) 9 (31,93%)
OH OH Me OH OH OH B
Me Me Me Me
Me Me
10 (70, 9859 4 (69, 95°) 11 (96)
OH OH

OH OH
MeMA)\A\M
Me Me

Me Me Me
12 (55, 95) 13 (55, 93%)
Me OH (OH | g OCONHCH,CF;  OH OH |
: 3 ' Me . Me Me:
We i Me Me E
: Me Me :

Only tertiary C-H or benzylic C-H bond

Is
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P.S. Baran, et al. . Am. Chem. Soc. 2008, /30, 7247



Highest [O]-state

Retrosynthesis

pyramid
Me
Me OH ° °
1,6-HAT in HLF reaction
Level 4 OH
HO 8 Me
Me
Me HO HO  HO Me
7
Me
‘Oxidase MH
phase’
HO o Me Me
Both /
______ accessible _/___
Me :
Me : M Me
' e OH
Hd e Ve 4 v, j?‘Me
__4(most logical SM) _; 25 Me
|} Ve
‘Cyclase phase’Me)l\/ + MMgBr + Me,Culi + OMMe

2 Lowest [O]-state

K. Chen, P. S. Baran, Nature 2009, 459, 824



Metallated—imido radicals

Rs
R4
J Ph ———
[Co(TPP)]
0 O
||/OF!3 oL /7 3
0—P{  [Co()(Por] Xy “P-OR
' AN N, ——————» R— \
R1 P NH +Nz
=
R2 6-Membered 1R R2
™ Heterocycles
ﬁ (0]
3 |
o-p- R 0~ p-OR°®
N N, [Colln(Por)] TN \
R_: 3 R_I NH + N2
=
iy 7-Membered 1R R
R Heterocycles [Co(ll)(Por)]

X.P. Zhang, et al. Org. Lett. 2007, 9, 4889;
Org. Lett. 2010, 12, 1248;

22
Organometallics 2010, 29, 389.



O O
[CA'(P)] (2 mOI%) Me. .S

Me.. .
S, 7 VSN INH
K/\Me PhCF5 4A MS K/LMe
29.1 40°C, 20 h 29.4 95%
N>
\\'/O O
Me., .S~p V!
WONGHED  ve S
e v
1,6-HAT :
29.2 Me 293  Me
( Ar _<= i
0
HN
C'ED = ar A A Y
HN
_(O
L. Ar J

DFT calculations & EPR spectroscopy:
“nitrene radical anion ligand” bearing
the almost entire spin density on the

nitrogen atom
X.P.Zhan

o [Co(P1)] 0.0
T =]
ME‘N’S‘Ng i mal ) , Me. S NH  Yield: 47%
o,
K/fph PhCFﬂg, 4 AMS |\/|_F,h (85% ee)
S)-2p Me 40°C, 20 h (R)-3p Me
(S9% ee)
0, ,0 [Co(P1)] 0, 0 yield: 93%
Bn‘N,&N3 (2mol %) _Bn. S (90% ee)
- \ Me CA?HG \ Me
“ 4 AMS
(R-2q Me Me . (9-3 Me Me
(99% ee) 40°C, 20 h 9
partial racemization
Bn. %" Skl B : Os’io O,“S’fo
N "Ng ( (r)nci’ 0) o . NH
6116 7% 7r
X” 4AMS 35% ? 7% 0%
40°C,20 h

g, et al. Angew. Chem. Int. Ed. 2010,49, 10192;

23

J.Am. Chem. Soc. 201 1, 133, 12264.
Angew. Chem. Int. Ed. 2014, 53,7028



0. 0 0, 0

g 1 mol% [Rh o8’
H,N">"NBoc mol [Rho(esp);] _ AN S*NBoc
R’ R’ Phl(OAc), MgO R’ R’

R? PrOAc R?

Concerted mechanism involving nitrenoid intermediates

For reviews on C-H amination:

a) F Collet, R.H. Dodd, P. Dauban, Chem. Commun. 2009, 506 | — 5074;

b) H.M.L. Davies, ). R. Manning, Nature 2008, 451,417 — 424;

c) H.M.L. Davies, Angew. Chem. Int. Ed. 2006, 45, 6422 — 6425;

d) C.G.Espino,]. Du Bois in Modern Rhodium-Catalyzed Organic Reactions (Ed.: P A.
Evans), Wiley-VCH, Weinheim, 2005, pp. 379 — 416;

e) H.M.L. Davies, M.S. Long, Angew. Chem. Int. Ed. 2005, 44, 3518 — 3520;

f) J.A.Halfen, Curr. Org. Chem. 2005, 9, 657 — 669;

g) P Mller, C. Fruit, Chem. Rev.2003, /03,2905 — 2919.
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2 (1 equiv) Boc

R, HR R
}\Mx Boc,O (1 equiv) Riw A R
R1 n N3 penzene, 23 °C R2/<$?\R
n= 1‘ 2' 3 12 h
Entry Azide Product(s) Conv. (%) T
ﬁoc
1 AN, /U 45
Boc

2

W\MN3 /\/\@ 82
N
Ph” """ N Bn 52
. U \Q (1.0:0.9)

" Yieldsxdetermined by 'H NMR using ferrocene or trimethoxybenzene as
internal standards. T Ratios determined by integration of GC/MS peaks.

Ar = (1) Mes
(2) 2,6-Cl,CgH3

Felll radical imido

E.T. Hennessy, T.A. Betley.
Science 2013, 340, 591



Norrish-Yang rearrangement of ketones

26

OH R’
H
H R' H [ n
hev
—_—
R 1,5-HAT \ HO R

For general reviews, see:

a) N.Hoffmann, Chem. Rev. 2008, /108, 1052 — 1103;

b) T.Bach,].P.Hehn, Angew. Chem. Int. Ed.2011,50, 1000 — 1045;

c) A.G. Griesbeck, Synlett 2003,0451 —0472;

d) PWessig, Pablo in CRC Handbook of Organic Photochemistry and Photobiology,
2nd ed. (Eds.:W. Horspool, F. Lenci), 2004, 57/1 -57/20;

e) PWessig in Handbook of CH Transformations,Vol. | (Ed.: G. Dyker), Wiley-
VCH,Weinheim, 2005, pp. 569-579.



O Ph O_-Ph O H20 0
o ————> — Ph J» /
1,6-HAT ~OH OH
Ph

Ph Ph

G.R. Lappin, J. S. Zannucci, J. Org. Chem. 1971, 36, 1 808.

o, B ay 0o
A. 4
G.A. Krauss, L. Chen, ] Am. Chem.
o) 0 Soc. 1990, | |2, 3464
O hv o OH
1,6-HAT
—— o)
O 68%
321 32.2 32.3
o) paulownin
\—0 | O o n 0_0
HO OH .
= Os_CO,Me 1:57_:{” pikigMe H J. C. Gramain, R. Remuson, D.Valle,
] LT —- J. Org. Chem. 1985, 50,710.
70%
O 324 325 O 32.6
isoretronecanol

27 No 1,5-HAT position



Additive effect:

,@f\ CHBCN
lemplate
(5eq)

= Me b: R? = CHg
2.R = Ph ¢:R?=0Me
d: R? = CF3
time conv 3:4 or
entry substrate template (h) (%) 5:6°
1 1b — 24 35 20:80
2 1b Bu,NF 24 84 93:7
3 lc — 24 70 11:89
4 le BusNF 24 99 94:6
5 1d — 24 33 23:77
6 1d BusNF 24 6 59:41
7 2b — 3 100 37:63
8 2b BusNF 3 99 88:12
9 2c — 3 100 42:58
10 2c BusNF 3 57 88:12
11 2d — 3 100 45:55
12 2d BuyNF 3 92 72:28

“ Determined by "H NMR spectra.

28

dual interactions

O v R
iy O
R :
@_H/\H R2 - .
A B
0
R on
30r5
AcO- = F> C|->Br

S.Yamada, A. lwaoka,Y. Fujita, S.
Tsuzuki, Org. Lett. 2013, 15, 5994



Alpha-LG

R N R’ 73
R? . L R?
- -~
o N hv, CHoClo, hige > 300nm | 19 N
Ph O 2 equiv N-methylimidazole | Ph™ ° O
R?® OMs R OMs
4 A
l -MsOH
R R S
/}\ R2 . L RE . L RZ
o~ N7 .0 N7 o N7
PR XX o) PR X o) F'hJ\"/gD
R3 R® R’
5 B! B2

P.Wessig, |. Schwarz, U. Lindemann, M. C. Holthausen, Synthesis 2001, 1258
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1,6-HAT involving carbon-centered radicals



O O Me, Me

\ // S
K/ ©/ ‘\/\ 54%
200/0 ? /U//;'q 50/0 T 70/0
32%, 11% 24% E = CO,Et
S. H. Pines, et al, J. Org. Chem. Curran, D.P. et al, D. P. Curran, et al, J. Am.
1978, 43, 1337. Tetrahedron Lett. 1992,33,  Chem. Soc. 1993, 115,6051
2295
Me Me Q
§ F s,
hRE X —
[
Phw/o o 5° F k/\
O 509 OMe 35% 1 \
50% 0% 1%

D. P. Curran, et al. Tetrahedron
Lett. 1994, 35, 6623 A.De Mesmaeker, et al.

Tetrahedron Lett. 1992, 33,3613
Synlett 1991, 621
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Exclusive 1,6-HAT involving carbon-centered radicals

oA

N CO,Et
RC(\KCOZB BussnH_ N R=H, 64%
o, d.r=1.1:1
. Br AIBN, toluene 5 R ( )
_ reflux R=OMe, 50%
(d.r.=77.3:1)
37.5 \ G.M.Allan, A. F. Parsons, ]. F. Pons,
Synlett 2002, 1431
I). CO,Et
N O N .
'\ COEt
g —= R R
373 N 37.4
0
/E%LNPMB
PhSe NAO TBSO

L

Y.Yoshimura,Y.Yamazaki, K.Wachi,S. TBSO 0
Satoh, H.Takahata, Synlett 2007, TTMSS, AIBN

0){3 PhMe, reflux, 7 h
o B 60%
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control

thermodynamic Ph-—s% ) BuzSnH Yo
OFBz ——
i) Tamao DR

["ABN, BusnH s 0x|dat|0n
OFBz oh chlor%:gnzene 1
0 0 L OFBz g - 40.3 F:)h Ph
0 H th'8| 40.4, 47%
Sl' (9
/} A J6-HAT
401 HO
FBZ = 3-fluorobenzoy ol S' Ho X °
y control - ) BU3S“H OFBz
Pl
Et3B BU,SnH 1) Tameo 0. .0
Benzene, RT oxidation Y
Eh Ph D
40.5 40.6, 50%

N. Sakaguchi, S. Hirano, A. Matsuda, S. Shuto, Org. Lett. 2006, 8, 329
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Combination of radical addition/1,6-HAT/radical cyclization

O
1
—N

—

Y
O/

O 0
CO,M
— \\\ BusSnH, AIBN /' | / /D(BU 416 °

»~—N —N
o ﬁ PhH, reflux g7 OXSEZ”

41.1 CO,Me 41.5 CO,Me
Bu3Sn. / ‘Q-scission
@) @)

_(O\:\1v6'HAT_( \:\ 6-endo-trig'_(

B —>"—N —_— N °

— o/ -
Oé NY® SnBu; 0~ AL SnBug oé
41.2 Co,Me 41.3 CO,Me 41.4 CO,M

SnB
e Us

E. Bosch, M. D. Bachi, J. Org. Chem. 1993, 58, 5581.
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Radical Cascades

~A.

5-exo-dig Si

. ol . H o

6-endo-trig Q. 4-exo-dig .
Si SI..\“S

/ /
5Bax 6

Al

N BusSnH(D) /
1,6- H transfer MelLi
/Si——
\H(D)

BU3S”H : 2a (850/0)

M. Malacria, et al.).Am. Chem. Soc. 1997, 119, 5037 BusSnD : 2¢ (71%)

J. Org. Chem.1999, 64, 819
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1,6-HAT in rearrangements involving biradicals

[Cyclization of Enediyne] [ Cyclization of Ene-yne-allene |

R MSC i
BC LA O
> R _ C1—C6 ?
——R C+-C = 2.005
= 1-Ce ] .
2.002 | = &
| - _C .
= . R Schmittel || @
Schmittel 2.004 oo '
2.001 P R 2Ce
C1-Cs 2.006

2.003

Cyclization of Ene-bisallenes

For reviews, see:

a) A.Basak, et al. Chem. Rev.2007, /07,
2861

b) 1.V.Alabugin, et al. Org. Biomol. Chem.
2012, /0, 3974.
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Typical examples:

(CH20),
Cul, Cy,NH

dioxane, reflux

:

A

49.2, 38% (80% ce)’

4\

o

O

491 49.3, 24% C}
\ i) Saito-Myers
Gycllzatlc-n ‘e
X i) 1,6-HAT
P 49.5
N
i 49.4 0,&0 |

S. Mondal, M. Nechab, N.Vanthuyne, M. P. Bertrand, Chem. Commun. 2012, 48,2549
37
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|,7-Hydrogen-atom transfer



39

H ph Ph

1/HAT
HO , <g

._-

6 CH,Cly

O
)ﬁ 7< X 42% 1 28%7

A.Boto, D. Hernndez, R. Hernandez, E. Suarez, |. Org. Chem. 2003, 68,5310

OBn
- o 1) DLP gan o
n
BnO =\-OMe 2) HCI B"?_,O B
! 3) TBAF H HCI .
o /A 85;’20 then TBAF De-protection:
>_5 % e OBn
EtO 524 50 o
0 OMe
DLP 0
B
C Hp3C Beau, Angew. Chem. Int. Ed.
B O‘ 'O 23 11 0‘
n
0 OMe 2013,52,9572
PhJ\@ '—si{:r
5227
TMS 52.4
1.7-HAT
Bno/m oxldatlon
0
ph»J. s H23011_<O
52.3 F N
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Reductive Desulfonylation

Ph
If Ph
e / 0
S\
. SO, BuzSnH, AIBN . ©i OSnBu;,
80°C CgDg 13h SiMe
3
b ,Si,/\Br 55.4, 88% 55.5
Me Me
55.1
-fragmentation
l Ph g
Z SO, — o
Ph 1,7-HAT A
X
Me Me S|/
55.2 55.3 M Me

P. C.Van Dort, P. L. Fuchs, |. Org. Chem. 1997, 62,7142,



Norrish type 1l photocyclizations

Ph

HO Ph
© Ffs hv o
NO . PhH )
AcHN R AcHN A. G. Griesbeck, et al, Tetrahedron
O d.r.>97:3 Lett. 1999, 40,3137
2a.b 3a (R°>=COOMe) 75%
3b (R>=Ph) 90%
O*
Ph hv
DCM
BocHN (S) ' BocHN
P.Wessig, et al. o CO,Bn 60%
Tetrahedron 1998, 54, 2529. 54.1 OH
Tetrahedron Lett. 1999, 40, 5987
1 7-H/—\T‘ Ph
BocHN

41
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|,8-Hydrogen-atom transfer

Most examples involve oxygen-centered radicals.



AcO
AcO

AcO AcO AcO

MeO

MeQ

MeO MeO MeO

4

3R=Ac
5R=Me

Scheme 1. ITHA under oxidative conditions. a) DIB (1.5 equiv), iodine
(0.7 equiv), CH,Cl,, hv, 25°C, 90 min, 62 %: b) CDCl;, RT, 60 h, 100%:
) DIB (1.7 equiv), iodine (0.5 equiv), CH,CL,. 25°C, 90 min, 56 %. DIB =

(diacetoxviodo)benzene.

43

C6-0....H-C5'=3.14 A

5]
O O. ,OMe

> 0 oA,

E. Suarez, et al. Angew. Chem. Int. Ed. 2002, 4/, 856




OMe
~OMe

OMe gy,snD

AIBN
ca. 60%

Dln., v
MeO

OMe (i)Me

E. Suarez, et al. Angew. Chem. Int. Ed. 2002, 4/, 856; Org. Lett. 2007, 9, 1785;
Chem. Eur. |.2008, /4, 10369; J. Org. Chem. 2008, 73,7710; Eur. J. Org. Chem. 2010, 5248.

MeO MeO MeO MeO
: : : ~_.OMe

- \ ' \OMe - \ 2
R3 0 +OMe R3 o E R? 0 .OMe 0
\ \ \ NHNs
N HN : OMe
Ol H OMe OMe AQ  §

R2 PhI(OAc), R2 07/0 1 8 HAT RZ% 7/ MeO T5-0 3
— W —_—
\\<I () 12 Q(l'( )n \< o OMe

Me
R 0)+1 (R1O)n+1 R O )n+1 MeO

13 (52)

E. Suarez, et al. Eur. J. Org. Chem.2011,7339
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Norrish type 1l photocyclizations

X R

X R
o)
o o)
MeCN
Y O)Hf//\ﬁ Y
Ph
h Ph /
Vv
0 . N
NMe O O

CH4CN, 0 °C, 5h

Z 595
0 o 56%
59.1 ‘

Ph Ph
. Ph
—_—
OH N %
P —T
v )
IS N\ Br H
O/ ¥ < e 5
Br 0 Br 5
59.2 59.3 59.4

T. Nishio, et al. Helv. Chim.Acta 2005, 88, 2603.
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Long-distance |,n-HAT (n=>9)



/U\(O X O, o
0 Ay OH
o~ Th 5% 2

0—

< “Ph
H Me
9a X=H 10: X=H
9b: X =D 11: X =D
0 0
. O’J'K_K-Ph OJK%Ph
oy BV <&H OH <( OH
5 0—<_ 07

hydrogen
abstraction 10 /

G.A. Krause,Y.Wu, . Am. Chem. Soc. 1992, | 14,8705
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O Me
° h 0O
v
CH, 0
a0 Ph 1,9-HAT; 74%
14 16
O
0 B, -0 o
R L NG Ph
) 0 1,9-HAT; 22%
O o OH
15 17
O
AP
R R O
' H
R R PhO
18: R=H, R'=Me 19: R=H, R'=Me 1,9-HAT; 49%
20: R=Me, R'=H 21: R=Me, R'=H 1,9-HAT: 31%

% G.A.Krause,Y.Wu, J. Am. Chem. Soc. 1992, | | 4,8705



Breslow’s transformations

Me
(WU
O
450 W Hg Lamp
'
Q) TEE
1 @)
CF3;COOH
3 o NaOH Meﬂy
Baeyer-Villiger Saponification OH
Number of carbons in ester alkyl chain. .

Oxidation site C-14 C-164 C-169 C-18 C-20

C-8

C-8 1.4 1.1 1.4 0.1 <2

C-10 3 7.8 8 8 5

C-11 11 12 10 17 4= 3¢ 15

Cc-12 49 13 8 21 20

C-13 226 10 3 18 19 & 3¢

C-14 0 564 66¢ 12 19

C-15 7 100 5 13

C-16 0 0 132 8

C-17 6 0.7

C-18 0 0

C-19 (14

C-20

= Measured amount of ethanol doubled in accord with selectivity against ethyl migration in the Baeyer—Villiger reaction. Not corrected for
steam distillation work-up, making these values minimum values. * Measured by nmr analysis of 1V, < Reproducibility of measurements
within one experiment at least &=1%, except where noted. 9 Typical reproducibility between completely different runs.

49 R. Breslow and S. W. Baldwin, J. Am. Chem. Soc. 1969, 91, 3083.



Breslow’s transformations Cholestanol

Cl2
Hg Lamp LAH RuO,
RO’ cCl, " then AG,0 NalO,
LR -H then elimination

O

I HO" 16%

Together with chlorination product

P A
Hg Lamp_ b(O C)ﬁ KOH

MeCN MeOH +
HO” ,\ HO™ ,\
V Cl4 VI Cl4
MeCN: 10%
Hg :—amtrJ» hNdaOIH.» v Acetone: 20% Directly dehydrogenaf:ion
solven ydrolysis Benzene: 35% w/o C-C bond formation

0 R.Breslow and S. W. Baldwin, . Am. Chem. Soc. 1970, 92, 732.



Breslow’s transformations

A. Me H Me |:| H

Wﬁ i) hv, PhH
0

Ph
7 .
direct A QOlefin distribution
Substrate olefin lactone A6 A7 Al4 A8(14) Al6 AS A9(11)
Ia, 11a, IIla, I1Ib, VIa— None None
Ib 55 0 100
Ie 35 50 100
Ic (lactone cleavage) 20 49 3
Id (in benzene) 35 10 43 57
Id (in acetone) 55 30 70
ITb 5 95
IIb (lactone cleavage) 28 16 30 34
0
Il
h e o~ ~O)
o 0 o o C
0\ C// \ C\ X A
CO(CHz)n‘O/ O (JO—(C-Hﬂn_g 0 CO—(CH,),
: 11 1II I\Y%
a,n=0;bn=1c¢,n=2;d, n=4 a,n=0b,n=1 a,n=0,b,n=1

| R. Breslow, S. Baldwin, et al. J. Am. Chem. Soc. 1973, 95, 3251



Other position?

/ Cs Poor selectivity.

OH, OAc, or OCO(CH,) (C,H,)CO(CH;)

R. Breslow, et al. |. Am. Chem. Soc. 1972, 94, 3276.
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BMD

| + PhiCl — _KoH _
(or CISOy) d I MeOH C9
\C \ ,, HO”
. e >80% ;
o
1
4
No Cl4 product
; 2, | Cl4
P 0
—CH, _ ;
Of
5 - No C9 product

R. Breslow, et al. . Am. Chem. Soc. 1974, 96, 1973.
J-Am. Chem. Soc. 1974, 96,6791.

>3 J.Am. Chem. Soc. 1974, 96, 6792.




N | —
e AcO’ cl7 HO ?
4
R. Breslow, et al. |. Am. Chem. Soc. 1975, 97, 6580.
J-Am. Chem. Soc. 1977, 99, 905.

d\'\ . 0.0 .
-~
7 2 X=Cl 64-90%

O 3 X=Br
4 I 8§ X=8CN
PhICI,

p-NO,-CH,ICl, + none/CBr,/(SCN),
R. Breslow, et al. . Am. Chem. Soc. 1991, 1 13,8977.



OAc

Triol: 3a (25R)-26-Hydroxycholesterol\d Pavoninin-4 aglycone: 1a

Dehydrogenation/hydroboronation/hydroxylatior
H. Gong, ). R.Williams, Org. Lett. 2006, 8, 2253.

Me
Me H_CeHyy ey C.H
1) hv gM7
OAc _PhH gjﬁ-@
5 OAc 2)LAH, .
THF
?3(\©\f0 287 1a ~iPr

11 Ph Xestobergsterol A

M. E. Jung, T.W. Johnson, Org. Lett. 1999, I, 1671.
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M.A. Miranda, et al. Org. Lett. 2006, 8, 4597.

a.r. 1.6:1

C7




M.A. Miranda, et al. Chem. Commun. 2002, 280; Chem. Commun. 2003, 1592; Angew.
Chem. Int. Ed. 2003, 42,253 1; Chem. Commun. 2003, 1088; ]. Am. Chem. Soc. 2007, |29,
7407; Org. Lett. 2008, 10, 4409; Chem. Eur. . 2006, /2, 553
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Ph Ph

3*

Me o+ Me
%) S Jg)
” H H\\“' '/

0O
67.2 67.3
net long-range proton
mtra HAT transfer
OH
,CH»
S

67.5 O 67.4

A. Lewandowska-Andralojc, et al. Photochem. Photobiol. 2013, 89, 14
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Thank you for your attention!



Ql

60

S
—J-I\ Me

MeN HN”™ ~NH,
—h.
: : MeHN™ ~O

Ph migration

45 .1 455 70%

11,5-HAT
0 o, Me
Ve E
MENJ\I<CH MeN
He ¢—>
Frag-
. mentation

45.2 45.3

J. Org. Chem. 2009, 74, 1223



H.C H.C H.C
HC  H ) He  H Y T HC  H 3L 97
O 0] O
H,C ! oxone HC H,C
H H H H H
O« H H — O OH
\|\f \I\TE lf 76% (brsm)
O \ O
9]
CF, CF, CF,
O
| 51(31 74
] 0/‘\/"'\[:':3 o Df\)LCF (31)
H,C ™ 2 1A H,C 2A
o 0
2° 14 (43) 25
0/\)1\0":3 D/\)J\CFE

H
(GH3)3G\M? CH; 4n
4

S. Kasuya, S. Kamijo, M. Inoue, Org. Lett. 2009, | [, 3630.

6l

LI
(CHy)sC~L/1 CHs 28



CO,Et
— SBaEt Bu,SnH, AIBN ?
- (slow addition) /
O/\/ -

81% 360
4
36.1 trans/cis 67:33
l CO,Et T 5-exo-trig
@(Ei/ 1,6-HAT X CO,Et
0 N7 C(O\/‘/\/
36.2 36.3
H. Lin, A. Schall, O. Reiser, Synlett 2005, 2603
R
ABNPhSH Sy S
NH l -
N N—

tBUOH/PhMe
309
O 431 O %

Phs\%'x 5 Phs// Phs\¢? o
!

>~ NH
__= C(l |
1 6-HAT

P.J. Crick, N.S. Simpkins, A. Highton, Org. Lett. 201 |, |3, 6472
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