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Cu

63.546

Electronic Configuration: 1s22s22p63s23p%3d1%4s!
Cu(l) = d'° flexible geometry

Cu(ll) = d® square planar, square-pyramidal, or trigonal-bipyramidal

Copper

Group 11 metal
"Copper" comes from Latin "cuprum" ("from the island of Cyprus")
Used in human civilization for thousands of years

Found in the active sites of many enzymes

Cu(lll) = d8 square planar, less common, stabilized by basic/anionic ligands

Stack, Chem. Rev. 2004, 104, 1013—1045.




Outline

I. Copper in enzymes and the reactions of different copper-dioxygen compounds

II. Use of copper-dioxygen catalysis in organic methodology

III. Applications of copper-dioxygen catalysis in total synthesis

IV. Summary



Outline

I. Copper in enzymes and the reactions of different copper-dioxygen compounds



Copper in Biology: Enzymes

o H,0
OH 2 Cu, Fe 2
OH \_/
. 0,
Cytochrome ¢ Oxidase
Hemocyanin
A (O, transport)
0] OH 0,
(0
2Cu 2Cu
CU/02
Tyrosinase
OH
HO
e e 1 Cu 1 Cu NH2
0ooC oocC /\
>-IIIOH > OH
HN HN CH4 * 02 n Cu? CH3OH HO AN
Lo LT
Z : NH2
Particulate Meth s
Peptidylglycine a-hydroxylating ?\;I‘;ﬁggxsgeﬁla:: € OH
Monooxygenase Dopamine p-Hydroxylase

Solomon, Angew. Chem. Int. Ed. 2001, 40, 4570-4590. Stack, Chem. Rev. 2004, 104, 1013—1045.



Oxygenase vs. Oxidase

Oxygenase

0]

11

M(n+2)+
H20 Sub

02 + 2 Ht
+2e
M+

Oxygen from O, gets incorporated into the substrate.

Stahl, Angew. Chem. Int. Ed. 2004, 43, 3400-3420.

Sub(0)

Oxidase

M(n+2)+
H20 SubH,

(H20,)
oX
1/2 0, (0,) Sub
+2H* + 2 Ht
Mn+

Molecular oxygen is used to re-oxidize the catalyst
and does not get incorporated into the substrate.



Dicopper-oxygen Cores in Oxygenase Enzymes

Peptidylglycine a—-Hydroxylating Monooxygenase (PHM) Tyrosinase (Tyr)
o
[ -0 -
eyt~ 20~ CU||\C|):CU|| Cull :culll
~— o
trans—u—1,2-peroxo u-17%: 1P—peroxo bis(u—oxo)

Adapted from Tuczek, Angew. Chem. Int. Ed. 2008, 47, 2344—-2347.



Dicopper-oxygen Cores in Oxygenase Enzymes

Peptidylglycine a—-Hydroxylating Monooxygenase (PHM) Tyrosinase (Tyr)
o
[ -0 -
cul ,ONO,Cu cu'_1 >cul Cu'l :Cu"'
~— o
trans—u—1,2-peroxo u-17%: 1P—peroxo bis(u—oxo)

Adapted from Tuczek, Angew. Chem. Int. Ed. 2008, 47, 2344—-2347.



Reactivity Differences between Dicopper-Oxygen Compounds

_|+

—

CH,Cl,
— " e

+ 02 E
>N, o, NON -80°C AN o NON
YP ~cu! Cu' —PY YP ’,C\u" ICu" —|—PY
LP '—P‘ 0-0 “p
Y Y
PY = 2-pyridyl u—-phenoxo peroxo
2+
+ PY
v | sy |
e EtCN rTY 0—Cu*N
2 YP \/N N Cu * 0, ~ e | /I
dpy -80°C N-Cu'-0 yp
RCN < “by

2+
_ / (CHa)a \ —| o
Cu CuI * 2
YP—7 (—PY

Karlin, J. Am. Chem. Soc. 1991, 113, 5322-5332. Tolman, Chem.

trans—u—1,2-peroxo

(CH2)4 —|2+

- 80 °C
Y

u—17%: P—peroxo

Rev. 2004, 104, 1047-1076.



Reactivity Differences between Dicopper-Oxygen Compounds

T T

CH,CI,
+  2PPh; ——— 0,
N, 0. NOYN -80°C >N, o, NOY
YP -Cull Cu" —PY YP -Cull “Cu'l—\—PY
IR T T
Y v Y PPh; PPhY,
u-phenoxo peroxo
2+
PY +
YP— 7_| PY 1
PY NN EtCN
| ,O ?u" N + 2 PPhjy ‘——‘ 2 YP\/N —Cu'-PPh, OZT
N-Cu'-0 YP/I -80°C 4Zpy
<7 RCN
—PpY
P
Y

trans—u—1,2-peroxo

(— (CH2)4 —B—l 2+ (CHy),4 _B—l 2+
'/\i/ 7\‘ 4PPh, e /{/Pphs 7\

+
T80t023°C PhsP”
v v Y Y

u~17: 1P—peroxo 2 O=PPh,

Karlin, J. Am. Chem. Soc. 1991, 113, 5322-5332. Tolman, Chem. Rev. 2004, 104, 1047—-1076.



Reactivity Differences between Dicopper-Oxygen Compounds

— —

CH,Cl,
+ R+ — >
>N, o, NOY -80°C >N, o, NOY
YP ‘,C\u" ICu"— —PY R = H or R'C(0) YP Cull " Cull ] PY
LP\ 0-0 \P LI;\ (I) \5
OR
u-phenoxo peroxo
2+
PY _l _l +
YP\ N 7 PY
PY O_c\u"_N CH2C|2 r I
\ é 0-G I/I + 2 HPF, — T 2 YP\/N\ICUI H,0,
— u''- - (]
<7 ,"'PY YP 80 °C RCN —PY
P
Y

trans—u—1,2-peroxo

CH,CI,

2+
(K (CH2)4 N | + RCO)Cl — 3 no reaction
-80°C
\c

CH,Cl,
+ 4HPFg ———————— <15% yield of H,0,
Y Y -80°C
u- 12 12—peroxo

Karlin, J. Am. Chem. Soc. 1991, 113, 5322-5332. Tolman, Chem. Rev. 2004, 104, 1047—-1076.



Dicopper-oxygen Cores in Oxygenase Enzymes

Peptidylglycine a—-Hydroxylating Monooxygenase (PHM) Tyrosinase (Tyr)
o
[ -0 -
cul ,ONO,Cu cu'_1 >cul Cu'l :Cu'"
~— o
trans—u—1,2-peroxo u-17%: 1P—peroxo bis(u—oxo)
nucleophilic electrophilic

Adapted from Tuczek, Angew. Chem. Int. Ed. 2008, 47, 2344—-2347.



Molecular Orbitals of Dioxygen-Dicopper Systems

CU1 CU2

0___Cul
cu' "0

trans—u—1,2-peroxo ('P)

CU1

CUZ

.0

u-12: 17—peroxo (SP)

Reproduced from Stack, Chem. Rev. 2004, 104, 1013—1045.
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PHM Modification of Peptides

one potential mechanism;
there are others in the literature

reduction _
+ 2e
2+
ICUB"_OH2] """ CuA"
OHO H
X @
N CO,
H
hydroxylation
?\H){le ch I o|2+ Cup
ug'=0|----- u
1% H co, stug A

Hydroxylation occus via radical H abstraction.

Tuczek, Angew. Chem. Int. Ed. 2008, 47, 2344—-2347.

1 H20
' +
ICUB" _OH2I
0,
+
ICUB"'OQ_.] """ CUAI
e- transfer;
then H*
+
H* lCuB" -OOHI ------ Cup"
One Cu atom does e- transfer while
H,0 the other does O transfer to the substrate.



Tyrosinase Oxidation of Phenols

N's represent histidine imidazolyl groups

Nl,. | |\N
~Cu Cu!
(0] N N
(0] 0,
+H20
O, activation
o Nl: \O'A \N
n \O'a \N N( é' WN
cull cu'
N \OV N
H
rearomatization OH
| AN
> 7
®
(o)
o, H o J
N""C n” “c uN electrophilic N, R N
SR scul /| % cut”

N ~o ~ka’/ur o N

Tolman, Chem. Rev. 2004, 104, 1047—1076.



Outline

II. Use of copper-dioxygen catalysis in organic methodology



Oxidation of Electron-Deficient Arenes and Heteroarenes

H
<N CuCl, (5 mol %), t-BuONa N

| > > =0
Z s 0, (air), DMF, 25 °C 1 h S

70% yield

hydroxylation N tautomerization T
> | S—oH
Z s

|Y|e N—NH
o._N_ N | =0 0
Y | >=o o =0
Me/N N R N
[0} }Vle R H

R = H (84%), Me (84%), OMe (79%),

36% Cl (37%), Br (76%) R =H (73%), Me (67%), t-Bu (73%), Cl (51%)
OH
Cl OH OH
F F
Me o) cl cl F F
»=o
F F
cl N cl cl cl
OMe
57% 68% 89% 58%

Lei, Angew. Chem. Int. Ed. 2012, 51, 4666—4670.



Oxidation of Electron-Deficient Arenes and Heteroarenes

CuCl, + 2 tBuONa

#f tBuO’ + 2NaCl  generation of active catalyst

CuOiBu ArH/tBuONa

Similar to tyrosinase mechanism

ArONa

reductive .
elimination transmetallation {BUOH
Yields were much lower
when performed under N,
/ONa
Ar—Cu\ Ar—Cu
OtBu
nucleophilic L
attack O, activation 0,

tBuONa

PN bis(u-0x0) compound also shown to be
Ar—Cu_  Cu—Ar capable of hydroxylating

o) (see Tolman, ACIE 1999, 38, 1139)
Lei, Angew. Chem. Int. Ed. 2012, 51, 4666—4670.



Dehydrogenative Aminooxygenation: Formyl-Substituted N-Heterocycles

[Cu(hfacac), * xH,0] (20 mol %)

O, (balloon), DMF, 105 °C

40-84% yield

R =H (70%), 8-Me (71%), 6-Me (51%),
5-Me (48%), 6-Cl (51%)

2 N\=N
R
N_ 7/
Me” X
H
0

R = OMe (66%), Me (77%), F (70%),
CN (42%), COOMe (56%)

Zhang; Zhu, Angew. Chem. Int. Ed. 2011, 50, 5678-5681.

H
(0]
V/Z2EA\\
=N
N_ 7/
Me X
H
(o]
64%
Z /N S
I
N_/ N\
Me X
H
(0]
46%



Dehydrogenative Aminooxygenation: Formyl-Substituted N-Heterocycles

0, (balloon), DMF, 105 °C ~N

H
N R2 N
-z~ . % N
o _/\I( J/ [Cu(hfacac), - xH,O] (20 mol %) o /\/\ﬁm
/

40-84% yield

2 \=N Z =N
XN XN [0]
y. H T
[Cu""] - [cuIIOH] (o)
0~0'

[Cu"] N

Incorporation of O from O, N
confirmed by 180 studies.

Zhang; Zhu, Angew. Chem. Int. Ed. 2011, 50, 5678-5681.



Synthesis of Esters fromKetones: Selective C(CO)—C(alkyl) Cleavage

o CuBr (10 mol %)
. ROH pyridine (2 equiv), BF ;*Et,0

> .R
(Het)Ar”™ "Me 0, (air), PhCI, 130 °C, 10 h (Het)Ar™ O

45-82% yield

O R'" O o)
2
0 /\ R 0 X 0/\
. Ph = Ph
R = Ph (82%), OMe (81%), Me R! = H, R2 = OMe (78%),
(66%), Bu (75%), F (72%), NO, (66%), Br (71%) 80% 73%

Cl (73%), Br (78%), NO,
(81%), CN (71%), CF3 (78%),  R' =Br, R2 =H (53%)
SO,Me (59%)

O SO G

62% 45% 57% 52%

Jiao, J. Am. Chem. Soc. 2014, 136, 14858—-14865.



Synthesis of Esters fromKetones: Selective C(CO)—C(alkyl) Cleavage

HO OR  Cu'+[PyH]* Hé)oa 0
R' R' _H* R

\ \ -,

Pathway A W $T> W ©)L 0

o. - o]
= 0 = ;OH
Cu'l + Py
Cu' + [PyH]*
0,
Cu' + Py
O HO OR
\ o)
1
S e A
| R~ “H

Z

+

ROH

H20 H20 02 Py
R. .
O Cu' + 0,- cu

RI
Pathway B | XY N\ Z!|
=

Jiao, J. Am. Chem. Soc. 2014, 136, 14858—-14865.



Synthesis of Esters fromKetones: Selective C(CO)—C(alkyl) Cleavage

HO OR Cu' + [PyH]* HO)V()R
AN
Pathway A W $T> k ©)L
Cu'l + Py
Cu! + [PyH]*
0,
Cu' + Py
O HO OR
' o)
LE——
A e A
| R~ “H
S
Pathway B determined to be more accurate
ROH based on 180 labeling studies
H20 H20 02 Py
I
R.
o]

Pathway B | XX

=

Jiao, J. Am. Chem. Soc. 2014, 136, 14858—-14865.



Amidine-Directed Aliphatic C—H Oxygenation

R2 RS .
CuBr-SMe, (20 mol %) R
2,2'-bipyridine (20 mol %) N /$<R2
4 NH > |
R 5:1 DMSO/PhCF, J\o R3
R J§NH 0, (1 atm), PhCI, 80 °C R
9-83% yield
Me Me
I s A
e
Ph Ph Ph Me
rt~ O Ph)\o Ph)\o ph” O pn” O

R! = 4-Br-CgH, (83%)

2-napthyl (79%) 72% 70% 56% 9%
2-thienyl (55%)
isopropyl (52%)

Ph
N
=N Ph—(
o) N Ph
\ o} )I\ NI /><Me

0 - Ph

Ph [ / N
Ts
41% 34% 57% 59% 39%

Chiba, J. Am. Chem. Soc. 2012, 134, 11980—-11983.



Amidine-Directed Aliphatic C—H Oxygenation

CuBr-SMe
bpy 2 1,5 radical shift occurs preferentially

if a 1,6 shift is also possible.
0,
Ph Ph

[Cull] (_ Ph 1,5-H radical
—> .o
—H+ jl.\!)(.[(Cu"] - [Cu'] shift
Ph NH Ph” ~NH
Ph
|
TINRgR 0 /\th [CuT] /\th
— —
H
Ph ’g NH Ph NH 0" Fenton-type  Ph NH ~[Cu'

fragmentation
Tertiary radical intermediate responsible
for racemization of stereogenic center in

an enantiopure substrate.
HN /><Ph H+ NI /><Ph
Ph o/ "Ph — )\ Ph

T ph” O

\
[Cul]
—[Cul]

Chiba, J. Am. Chem. Soc. 2012, 134, 11980-11983.



Amidine-Directed Aliphatic C—H Oxygenation

Me

R2 CuBr-SMe, (20 mol %)
Me 2,2'-bipyridine (20 mol %)

R2

NH 5:1 DMSO/PhCF, JI\
J§ 0, (1 atm), PhCl, 120 °C R >No

9-83% yield

67% 68% 42%

Me

=2

Me
72% 65%

Chiba, J. Am. Chem. Soc. 2012, 134, 11980-11983.



Formation of a—Ketoamides from1erminal Alkynes

CuBr (10 mol %), pyridine (o)
TEMPO (10 mol %), H,0 H
>

0, (1 atm), PhMe, 60 °C, 18 h

22-77% yield

oY, oYYl OroL

R =H (77%), Me (67%), F (71%)
Br (56%), OMe (63%), Et (70%)

Y S N
S (0] (o) Z (0]
Me

R

65% 24%

R = H (47%), Me (77%), OCF3 (36%)
64% OMe (77%), F (47%), Cl (41%), 51%
Br (32%), CO,Et (22%)

Jiao, J. Am. Chem. Soc. 2010, 132, 28—29.



Formation of a—Ketoamides from1erminal Alkynes

CuBr (10 mol %), pyridine

—NH. e Rr— TEMPO (10 mol %), H,0 H
R N 2 R > R2 ]/ ~R1
0, (1 atm), PhMe, 60 °C, 18 h

22-77% yield

base CullL Br,
—HBr
0-0

Br- 0, )—k

H
—N-=Cu'
Ph—N-Cu'LBr Ph —

R2— TEMPO
Q—YEMPO

CulL,Br

h. Ph Zl Ph
”/\/ N/\ —> h/”%A —»Ph )—k

Incorporation of O from O,
confirmed by 180 studies.

Jiao, J. Am. Chem. Soc. 2010, 132, 28—29.



Formation of a—Ketoamides from Aryl Acetaldehydes

CuBr (10 mol %),

o Br (10 mol %) 0 R?
riaine equiv
Ar/\f . R! _R2 Py N
N > Ar l/ Rt
(0]

H H 0, (1 atm), PhMe, 90 °C
4A M.S.

35-90% yield

)
o ;
ZI
\ 7
\ 7
o
ZI
\ 7
2
o~
ZI
X

CN

R = H (82%), Me (77%), F (84%) R = CN (82%), CO,Et (60%),

75%

Br (75%), OMe (83%), Cl (78%) CF; (70%) NO, (90%),
OCF; (52%)
O o
H H (o) I\IIIe o I'il
N OMe N F N N
Ph Ph D/ Ph \@\ Ph “Ph
o o
F (0 R o
OMe
R =H (65%) R = Et (40%)
35% 90% Cl (60%) PhCH, (56%)
Me (41%) Ph (36%)

Jiao, Angew. Chem. Int. Ed. 2011, 50, 11088—-11092.



Formation of a—Ketoamides from Aryl Acetaldehydes

CuBr (10 mol %), o) R2
Ar /\|//o . R! _R2 pyridine (2 equiv) lll
H o 3 Ar r
H O, (1 atm), PhMe, 90 °C
4A M.S. o
35-90% yield T
H,0 0-0
R1 -H Ar
‘N
R1 V\Ar
0 0-0
pyridine Cull )—k
R'-N Ar
H20 Cu'"
‘0. 0 .
0] 0]
R1 N Ar R1 N Q)\Ar Incorporation of O from O,

confirmed by 180 studies.

Jiao, Angew. Chem. Int. Ed. 2011, 50, 11088—-11092.



Formation of a—Ketoamides from Aryl Methyl Ketones

(0) I'fz
R1 R2 Cul (20 mol %)
)I\ ' N” 3 Ar r N. R1
Ar Me H 0, (balloon), neat, 50 °C
(0)
47-91% yield

R =H (88%), Me (79%), NO, (91%), l
Br (76%), OMe (61%), Cl (82%), 80% 47%
CN (74%), n-hexyl (64%)

(0] Me
L U T g
N PhJ\n/N Me PhJ\n/N\/\/ i
R (0 (o) 0 R

R =H (70%), Cl (62%) 87% 53% R =H (74%), NO, (82%), Cl (76%)

Ji, Chem. Sci. 2012, 3, 460—-465.



Formation of a—Ketoamides from Aryl Methyl Ketones

0 o
R1 R2 Cul (20 mol %)
)I\ : N” 2 Ar ]/N“R1
Ar Me H 0, (balloon), neat, 50 °C
0]
47-91% yield
H,0
Cu'/0,
H,0
(o)
NR1R2 1R2
/& Incorporation of O from O, Ar)l\rNR R
fi by 180 studies.
Ar confirmed by studies OH
( Cu' + 03~
cul HNR'R2
Cu + O,
1R2
HNR'R 1R2RN 0\0 HNR1R2
Ar &H (0 H,0 (o)
H OH
0] OH

Ji, Chem. Sci. 2012, 3, 460-465.



Outline

III. Applications of copper-dioxygen catalysis in total synthesis



Application in Total Synthesis: The Azaphilones

Cl Me Me
X (CH3)6CH3 o ~
CH.(CH 0 NN Et
3(CH2)e o)

\"/ \ Mehn. \ O

(0] Me (o) AcO
(o)

S-15183a trichoflectin sclerotiorin

5-bromoochrephilone 8-O-methylsclerotiorinamine daldinin

Porco, Jr. Angew. Chem. Int. Ed. 2004, 43, 1239-1243.



Application in Total Synthesis: The Azaphilones

R
HO Z Cu(CHsCN),PF, KH,PO,/K,HPO,
(-)-sparteine aqueous buffer
M CHO DIEA, DMAP CH,CN, 23 °C
© 0,, -10°C
OH

(CH,),0Bn

71% yield 64% yield 68% yield
96% ee 95% ee 97% ee

(CH,),CO,Et

44% yield 72% yield
97% ee 97% ee

Porco, Jr. J. Am. Chem. Soc. 2005, 127, 9342-9343.



Application in Total Synthesis: The Azaphilones

Me Me
NN £t
MeO HO Z Cu(CH,CN),PF;  KH,PO,/K,HPO,
8 steps (+)-sparteine mimic aqueous buffer
o
Me CHO 2 Me CHO DIEA, DMAP CH4CN, 23 °C

0,, -10°C
OMe OH

76% yield over 2 steps

1. Ac,0, DMAP, DIEA

0 °C, 30 min.
>
2.NCS, CH;CN
23°C, 24 h
65% yield over 2 steps

(+)-sclerotiorin

1. NH,0Ac, MeOH

30 min. o+
> R
2. TMSCHN, N' o N
: s A’
60% yield over 2 steps o ) N N
8-O-methylsclerotiorinamine RI
— [(+)-sparteine mimic],Cu50, -

Porco, Jr. J. Org. Chem. 2011, 76, 2577-2584.




Summary

Copper plays an important role in biochemistry and many other fields.
Dioxygen-copper compounds make up the active sites of several important enzymes.
The structure of the dioxygen-dicopper core influences a catalytic system's reactivity.

Copper-catalyzed reactions with molecular oxygen can also effect many useful transformations in
synthetic organic chemistry.



