Synthesis of Diols
by Site-Selective Oxidation of
Alcohols

LS 2017/06/03
Hiroki Fujisawa (D3)



Introduction of OH Group

o Rubottom oxidation

(0]
Davis Oxidation etc. HO OH
)H y )H 0s0, e

H OH

hydration

A SeO, etc. - %\|

H Oxidation of unactivated sp® C-H OH

expansion of footholds for oxidation



Table of Contents

1. Synthesis of 1,4-diol
- Radical approach (Chiba's study)

activation at 6 position

OR
SN N
a 5 » 8
B
OH

H

1,4-diol

2. Synthesis of 1,3-diol
- Radical approach (Baran's study)
- Ir-catalyzed silylation approach (Hartwig's study)

3. Synthesis of 1,2-diol
- Pd-catalyzed oxidation (Dong's study)



C-H Activation by 1,5-Hydrogen Shift
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Copper Catalyzed C-H Activation

Copper catalyzed C-H oxidation under O, atmosphere

Ph Cu(OAc), (10 mol%) | Ph H .
NH O, atmosphere
DMF, 80 °C
p-tol >
OMe OMe

p-tol

Cu(OAc), (10 mol%)

0, (1 atm) Ph (o)
DMF, 80 °C; o
HCI aq.
» p'tOI
79%
OMe

Zhang, L.; Ang, G.Y.; Chiba, S. Org. Lett. 2011, 13, 1622.

Copper catalyzed C-H chlorination
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PMDTA (12 mol%)

H iProNHeHCI
B )\/\ AcOH/wet MeCN, 35 °C
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oL 55%
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\N/\/N\/\N/

PMDTA
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Kunda, R.; Ball, Z. T. Org. Lett. 2010, 12, 2460.



1,4-Diol Synthesis under O, Atmosphere

Cu(OAc), (5 mol%)
1,10-phen (5 mol%)
Et;N (50 mol%)

toluene/MeCN =5 : 1 OH OH
>
74% 15%
1. Cu(OAc), (5 mol%)
1,10-phen (5 mol%)
Et;N (50 mol%)
_ O, (1 atm)
O—OH toluene/MeCN =5 : 1; oH 5
o ) evaporation OH 780\ 7/ \
By= . >
THF
1,10-phenanthroline
1,4-diol (1,10-phen)
90%

Too, P. C.; Tnay, Y. L.; Chiba, S. Beilstein. J. Org. Chem. 2013, 9, 1217.



Proposed Mechanism of Cu-Catalyzed Oxidation
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Substrate Scope (Oxidation of CH, by tert-OOH) 7

1. Cu(OAc), (5 mol%)
1,10-phen (5 mol%)
Et;N (50 mol%)

O, (1 atm)
H,SO 2
oH Hzo ) OOH toluene/MeCN =5 : 1; OH
R3 272 R3 evaporation R3
R > R =
R? R2 2. LiAIH, R2
H H THF OH
OH OH OH on
Ph/’\/\r Ph Ph
Ph
Me Me OH N
OH Br OH OH
77% (dr=1:1) 70% (dr=1:1) 56% 48%

(trans : cis =1.37 : 1)

Too, P. C.; Tnay, Y. L.; Chiba, S. Beilstein. J. Org. Chem. 2013, 9, 1217.



Substrate Scope (Oxidation of CH by tert-OOH)

Cu(OAc), (5 mol%)
1,10-phen (5 mol%)

Et;N (50 mol%) B -
O, (1 atm) OH
OOH 2 OH
R4 3 toluene/MeCN =5 : 1; R* R3 PPh, R4 .
! R | R > R
R R?2 R
R? o R2
H HO” OH

OH
OH OH OH OH OH
Ph
Ph Ph
OH OH

52% 45% 47% 23%

Too, P. C.; Tnay, Y. L.; Chiba, S. Beilstein. J. Org. Chem. 2013, 9, 1217.



Substrate Scope (Oxidation of CH, by sec-OOH)

OH
Ph/\/\/\/Ph
OH
1. MsClI
2. H,0, Cu(OAc), (5 mol%) Ph rPh
NaOH 1,10-phen (5 mol%)
Y Et;N (50 mol%) ©
O, (1 atm) 30%
OOH toluene/MeCN =5:1
+
Ph
Ph/\)\/\/
(0]
Ph
Ph/\)]\/\/
43%

short summary

tert-OOH ~ OOH

R4 C-H oxidation at § position OOH R4
’ 3
R? ™ CH, or CH R2

(CH; was not mentioned.) OH
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1,3-Diol Synthesis by C-H activation

OR e e

)\/y\ C-H oxidation at y position OR OH
LU
(0
p Y
Research in our group
Oxone _ _
o) NaHCO; 0-0 o)
/\)j\ Na,*EDTA /\)4 /\)j\
(o) CF3 t-BuOHIHZO (9] CF3 (o) CF3
H H > OH

CH (methine) preferential

1,3-diaxial selective oxidation

Kasuya, S.; Kamijo, S.; Inoue, M. Org. Lett. 2009, 11, 3630.
(See also Dr. Kasuya's master thesis and doctor thesis)

Today's contents
1. Radical approach (Baran's group)
2. Ir-catalyzed silylation approach (Hartwig's group)
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1,3-Diol Synthesis by Radical Reaction

F5;C
Q  CFs 4 cHsco.Br CF; 2.CBry (1eq.) o >
)l\ ) CH,Cl, )l\ ) PhCF3, hv )\\N.
y y o
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CH,ClI,;
ey ol
H o) (0

>
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coupling
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0 4. K,CO;
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OH OH
- >
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69%

Chen, K.; Richter, J. M.; Baran, P. S. J. Am. Chem. Soc. 2008, 130, 7247.



Optimization of Carbamate Unit

o) o)
O 2. CBry (1 eq.) R R 9 R
)l\ R PhCF3, hv )\\N- )\\N ‘Br )\\N
7
o) N y H H

(o) > (0) > (@)
r - . Br
1,6-H shift )\/\\

oj\Nst ojLNJ ojj)\N/O OiN/OMe oj\NQ/F
)\/]\ )\/]\ )\/Tr\ )\/Tr\ F

stability of N-radical
-

-

yield of alkyl bromide
reactivity of N-radical

Chen, K.; Richter, J. M.; Baran, P. S. J. Am. Chem. Soc. 2008, 130, 7247.



Explanation for Stereoselectivity (My Opinion)

1.CH3COzBr
o) CF, CH,Cl,
)]\ ) 2. CBr, (1 eq.) OH OH
o) N PhCF;, hv
H
)\/ 3A92C03
CH2C|2,
AcOH
4. K,CO; 92% (dr =3.5: 1)
MeOH
1.CH3C02B|'
CH,Cl,
2.CBrs (1 eq.)
PhCF;, hv
o S 3. Ag,CO o S - T
- AgaLU;3
)LN> CH,Cly; > Fs€ A
AcOH
O H 0 /-0
Br — > me S o
N \k\r
H H

no diastereoselection was observed.
(dr = not mentioned)



Regioselectivity
*CH, vs CH
. CH3COzBr
. hv
. Ag,CO;, AcOH

N
)

O OH OH

. K,CO
INI CF3 - - - Jl\/\
31% MeO
MeO ; (brsm 93%)

CH (methine) selective

. CH3COzBr

. hv

. Ag,CO3, AcOH OH OH
. K,CO,

N
)

-
97% (dr=5:1)
benzyl selective
*B-CH vs y-CH 1. CH;CO,Br
2. hy
9 3. Ag,CO5, AcOH 0 DG
)j\ OH OH J]\ -
A 4. K,CO, N o
0~ "N” °CF; - . o° 'N° 'CF; S
Hy Br H +
p
44% 49% unstable?

(not cyclyzed in 3rd reaction)



C-H Silylation Developed by Hartwig’s Group

* Ir-catalyzed ortho-silylation of benzyl alcohol
[Ir(cod)OMe], (0.05 mol%)

[Ir(cod)OMe], (0.05 mol%) phen (1 mol%)
Et,SiH, norbornene
THF THF, 80 °C O
OH > OSiEt,H v S'/
|
Et,
1. KHCO,
H20,
THF/MeOH, 50 °C
2. Ac,0, Et;N phenanthroline
CH2C|2 OAc (phen)

61% from benzyl alcohol
Simmons, E. M.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 17092.

* Ir-catalyzed silylation of methyl group

1. [Ir(cod)OMe], (0.05 mol%) 1. KHCO;3
Et,SiH, H,0,
OH THF O——SiEt, THF/MeOH, 50 °C OAc

> > \)\/\
Ph
Ph\)\/ Ph 2. Ac,0, Et;N OAc

2. [Ir(cod)OMe], (0.05 mol%) CH.CI
3,4,7,8-Me4phen (1 mol%) 272 1 3-diol

norbornene (53% from alcohol)

THF, 80 °C
Simmons, E. M.; Hartwig, J. F. Nature 2012, 483, 70.



Proposed Mechanism of Silyletherification
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Parija, A.; Sunoj, R. B. Org. Lett. 2013, 15, 4066.




Proposed Mechanism of C-H Silylation

H oxidative H £t reductive OMe
[Ir(cod)OMel; = 1Ir'OMe + S! addition Ir"'—Siz elimination !
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Methyl Selective Silylation

on LT

o~ STELH

[Ir(cod)OMe], (1 mol%)
3,4,7,8-Me,4 phen (1 mol%)
norbornene

THF, 80 °C

[Ir(cod)OMe], (1 mol%)
3,4,7,8-Me, phen (1 mol%)
norbornene

THF, 80 °C

KmethyIleetherne =49 +2

[Ir(cod)OMe], (1 mol%)
3,4,7,8-Me, phen (1 mol%)
norbornene

THF, 80 °C

94%
(A:B=41+2:1)

-

>

-

0—SiEt,

Ph

0——SiEt,

Ph

O——SiEt, Et,Si

(0
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Silylation Occurred at Less Hindered Position

1. [Ir(cod)OMe], (0.25~0.50 mol%)
SizEtsz, THF,
[Ir(cod)OMe], (4 mol%)
3,4,7,8-Me, phen (4 mol%)
norbornene

OH THF, 120 °C OH  OH
1’|\/\/R3 - 1’|\/K/R3
R R2 2. TBHP, CsOH+H,0 R 22
TBAF, DMF, 80 °C
yi/\
29%
OH OH OH OH OH OH
+
Ph\M\/K H\/\K ml
OH OH
M\)\ 68% 76% 64%
46%

Li, B.; Driess, M.; Hartwig, J. F. J. Am. Chem. Soc. 2014, 136, 6586.



A Limitation in Silylation

[Ir(cod)OMe], (2 mol%)
3,4,7,8-Me, phen (4.8 mol%)
SiEt.H norbornene _
s THF, 120 °C 0——SiEt,

/\/T\/\ > /\/j{\/K

A
CH = n-
>  R=n-ProrH 2%/(% —nHP)r)
5 (R =
Thorpe-ingold effect is important for cyclization.
1. [Ir(cod)OMe], (0.5 mol%)
SiEt,H,
[Ir(cod)OMe], (2 mol%)
CH 3,4,7,8-Me,4 phen (2 mol%)
\ OH norbornene
THF, 100 °C
-
2. TBHP
CsOH-*H,0

TBAF, DMF, 80 °C

61% (dr =10 : 1)
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Short Summary (1,3-Diol Synthesis)

OR C-H oxidation at y position
)\/y - OR OH
o~ PN
B Y
Baran's strudy
1. CH3;CO,Br
2. hy
O 3. A92C03, AcOH
)]\ 4. K,CO; o) OH OH
0 o) H/\CF3 >

MeO 3
MeO 3

methine, benzyl only

Hartwig's study

1. Ir', SiEt,H,
OH 2. Tamao-Fleming oxi. OH OH
/\/I\/\ -
R R

methyl, methylene
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Oxime Directed C-H Oxidation

Pd(OAc), (5 mol%)

Phl(OAc), - alcohol unit -
MeO AcOH/Ac,0=1:1 MeO OAc MeO
N 100 °C “N----pg! SN

| | I |
OAc

5-membered
palladacycle

Desai, L. V.; Hull, K. L.; Sandord, M. S. J. Am. Chem. Soc. 2004, 126, 9542.

Reaction design

Pd(OAc), (5 mol%)
Phl(OAc), B

1 2 1 2 1 2
RR  ACOH/AC,0=1:1 RYR R_R
m/ 100 °C NI m/
N D — N
o~ o~ \ o~
\)\ \)\/Pd" \)\/OAC
i ~OAc |
5-membered 1,2-diol

palladacycle

Ren, Z.; Mo, F.; Dong, G. J. Am. Chem. Soc. 2012, 134, 16991.



1,2-Diol Synthesis by Oxime Directed C-H Oxidation

MeO
MeO Pd(OAc), (10 mol%)
PhI(OAc), (1.3 eq.) H
H AcOH/Ac,0=50:1
| 100 °C IN St
N OMe > 0~

0/
\)\ o \)\/OAC

Cl Pd(OAc), (10 mol%) cl
PhI(OAc), (1.3 eq.)
H AcOH/Ac,0 =50 : 1 H
100 °C |
N
\)\/OAC

(o) 31%

Ren, Z.; Mo, F.; Don, G. J. Am. Chem. Soc. 2012, 134, 16991.



Proposed Mechanism of Oxime Directed C-H Oxidation

MeO MeO
H Pd'(OAc), H

I

_N OMe ~N OMe
o 0" % OAc

reductive elimination

concerted
metallation
deprotonation (CMD)

-AcOH

MeO
H
J M
e
0~ ¥ OAc
\)\/‘I
Pd'v.
PhI(OAc), Phl 10 ~OAc

-Pd'(OAc),

9@

v

Pd ~OAc
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Substrate Scope and Selective Deprotection

f
Pd(OAc), (10 mol%)
MeO Phi(OAc), (1.3 eq.)
DG < AcOH/Ac,0 =50 : 1 DG
100 °C o/ OAc
H OMe
W, -
\ / R"! 1 R
(o) H R R
1:| Il\ 4
R R2 R3 R
/DG ODG
0] OAc
o LN ope
3 AcO ODG AcO
86% 44% 78% 75%
(79% brsm)
selective deprotection of diol
Zn DG KZCO3 DG
HO OAc AcOH / MeOH /

n-pentyl” = 97% )—/ 92% > )—/



OOH
R4
R3
1

Summary

Cu(OAc),
0O, (1 atm);
PPh; or LiAlH,

1. CH3C02Br

2. hv

3. A92C03, AcOH
4. K,CO4

1. [Ir(cod)OMe],
Si,Et,H,, THF

TBAF

Pd(OAc),
Phl(OAc),

-

-

-
2. TBHP, CsOH*H,0

-

OH OH

/DG
(o) OAc

R2 R3
(1,2-diol)

(1,4-diol)
(1,3-diol)
(1,3-diol)
MeO
DG = H OMe
\ N
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Mechanism of Cu-Catalyzed Aerobic Oxidation

3ord
\.\ HH
Ar

[Gu"]x
H
Ph 0 e
Ar

[EU"]

Vs

1a + Ar-MgBr 2

Ph then MeOH

NH e
65/ ~SAr
|
[Gu':IDH] \\ H,0
[Cu]

N
* Ar
{? |
2
'EU”I]
n
Ar
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Mechanism of Cu-Catalyzed Chlorination

AcOH H20
'PryNH-HCI  'PryNHHOAC

OOH >‘< OH
H\(\/ [Cu'—Cl] [Cu'—OH] H\(\)

H Cl

[HO-Cu'—CI]

[HD—EU”—EI] R !
. \I/j \./\/J
\T/j [Cu]"]



Details in Catalytic Cycle of Silylation

ELHS|
Q. O
:Hr.-.,. ,..mh"
TS(10-P) Cg"-—'"‘*-... L\ 189
| 1 ™,
I g
l :‘H.,,,_L H \ ‘u\>
= H'...-lr 10 :Hrr...l|r~.nH
LS| = N7 | H
/ 0 Et,Si,
4 G\b
L]
=~ | —{J ) l(I/\s"Et*] JTSH—E:-
== M,
M
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Energy Profile in Silylation

ar:t?h:;:liﬂn reductive erIiEn'EIl;':'-catg:n
TS(2-3) B-migratory elimination ¥y C-H
15.2 Insertion TE-[E-"?} activation T5(10-p)
— TS(4-5) 12.9 TS(8-9) 14.6
r 2 \ 9.7 p—, 9.0 L
F 14.7 ~ — [ Lo
I I:I i 1 1 -?‘1_ ! ﬂ II" I !l
_Ii \ / Ii. :' 94 gp ' II| ]
1 1'—-- : v 1,. I ';
0.0 3 4 L \ o
36 4.9 L - ..
— 11.9 \
b 10 —
-17.7 -19.8 Prod
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KIE Study of Silylation

Et_Et
Si.
0"H

Ph \z:i::::}\/\fph

2h

Et
Et.
Si-H

&

O DD

N e S i

DD
2h-d,

[Ir/MePhen (4 mol %)
nbe, THF, 120 °C

[Iri/MePhen (4 mol %)

Ph

33

Et
o—si-Et
Ph
3h
Et

O—35i

-Et

nbe, THF, 120 °C

Independent Rafes
ky'kp=2.0=x01

3h-d;

DD



Optimization for C-H Silylation

R2 R?
D'Si'H [Ir(OMe)(COD)]; (2 mol %) L _R2

/\/i\/\ Ligand (4.8 mol %)
Me Me ~ Me /\/Ik)\wle

R nbe, THF, 120 °C

2 3
entry R R2 ligand conv (%) yield (%)

1 n-Pr Et L1 83 76
2 n-Pr Et L2 62 55
3 n-Pr Et L3 88 82
4 n-Pr Et L4 100 94
5 H Et L4 92 <10
6 n-Pr Me L4 100 89
7’ n- F‘r ;-F'r 12 <10

R3=Cl,R4=H, L2
;’ \ / \L1 R4 / \ \ R4R3=R4=H.L3
N= R3=R4=Me, L4
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Introduction of Oxime Directing Group

a) PPh;
0O DIAD Q
THF
ROH + HO—N y RO—N
b) BF;°Et,0
(o) wet CH,ClI, (o)
N,O4H,0
MeOH;
MeO
H
HN—O (0}
MeO
t-Bu t-Bu v
b . MeO
ase;
ArCHO
y /
RO—N

MeO



KIE Study in Oxime Directed C-H Oxidation

DG“D
10 mol % Pd(QAc)- DGMD
D,C Me 0.5 equiv Phi{OAC),
4a-d (0.5 equiv) = (3) AcO
' ACORIACO H/D HID (1.54
DG. o 04
0 100 °C, 1h (1.94)
5 4b-d
ch Me KIE = TH =335 14% yield
4a (0.5 equiv) D



