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Timeline of Achievements in Copper Chemistry
General Historical Overview
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(Acetenylbenzolkupfer) (Diacetenylphenyl).

first cross-couplings

Ullmann—Goldberg

Glaser, C. Ann. D. Chemie U. Pharm, 1869, 2, 137-171




Timeline of Achievements in Copper Chemistry
General Historical Overview

Dieselbe entstand nach folgender Gleichang:

“-.C) Hy N~ ~—NH—"
| + N7 = T |

~.-CO:H e ~.. COH Lm..-f'l ‘

first cross-couplings

Ullmann—Goldberg

Ullman, F. Ber. 1903, 36, 2382—-2384
Goldberg, |. Ber. 1906, 39, 1691-1692




Timeline of Achievements in Copper Chemistry

General Historical Overview

THE PREPARATION OF METHYLCOPPER AND SOME
OBSERVATIONS ON THE DECOMPOSITION OF
ORGANOCOPPER COMPOUNDS!

2 CH;Li + 2 CuCly — C;He + CuCly ~+ 2 LiCl
2 CH;Li + Cu.Cly — 2[CH;Cu] + 2 LiCl

first cross-couplings

Ullmann—Goldberg
1869 / 1923 1952

Reich Gilman

synthesis of first copper
organometallic reagents

Gilman, H.; Jones, R. G.; Woods, L. A. J. Org. Chem, 1952, 17, 1630-1634




Timeline of Achievements in Copper Chemistry

General Historical Overview

1,3-Dipolar Cycloadditions
By RoLF HUISGEN
(UNIVERSITY OF MUNICH, GERMANY)
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first cross-couplings "Click" Chemistry
Ullmann—Goldberg Huisgen
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Reich Gilman 1961 Sharpless

synthesis of first copper
organometallic reagents

Huisgen, R. Proc. Chem Soc., 1961, 357-396
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General Historical Overview

1,3-Dipolar Cycloadditions
By RoLF HUISGEN
(UNIVERSITY OF MUNICH, GERMANY)
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X=N,0,S

oxidative coupling
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X = halide

Standard cross-coupling
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Copper in Cross-Coupling Reactions
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HN/U\O +
\_/
nucleophile X = halide

oxidative coupling
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Electronic Properties of Copper

E1/2= 016V E1/2= 24V
Cu > — Cu' - cull
d1o do d8, metal cation
isoelectronic with isoelectronic with
Ni(0) Pd(ll)

*Vs. SCE in MeCN, Bratsch, S. G. J. Phys. Chem. Ref. Data 1989, 18, 1-21




Electronic Properties of Copper

E1/2= 016V E-|/2= 24V
Cu! 4——) Cull (—’ cult
d1o do d8, metal cation
isoelectronic with isoelectronic with
Ni(0) Pd(ll)

B forms shorter bonds than Pd
M harder Lewis acidity than Pd
M higher affinity for O, N ligands

B smaller coordination shell can not
accomodate large ancillary ligands

Beletskaya, |. P; Cheprakov, A. V. Organometallics 2012, 31, 7753—-7808
*Vs. SCE in MeCN, Bratsch, S. G. J. Phys. Chem. Ref. Data 1989, 18, 1-21




Electronic Properties of Copper

d1o
isoelectronic with
Ni(0)
M forms shorter bonds than Pd
M harder Lewis acidity than Pd
M higher affinity for O, N ligands

B smaller coordination shell can not
accomodate large ancillary ligands

E-|/2= 24V
Cu' - cull
d® d8, metal cation

isoelectronic with
Pd(Il)
M highly electrophilic and unstable
M potent oxidizer

M requires highly stabilizing ligands

: Br
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Electronic Properties of Copper

d1o
isoelectronic with
Ni(0)
M forms shorter bonds than Pd
M harder Lewis acidity than Pd
M higher affinity for O, N ligands

B smaller coordination shell can not
accomodate large ancillary ligands

E-|/2= 24V
Cu' - cull
d® d8, metal cation

isoelectronic with
Pd(ll)
M highly electrophilic and unstable
M potent oxidizer
M requires highly stabilizing ligands

M unstable towards the reverse
reductive elimination

M can not take part in ligand exchange
M requires the nucleophile to be in the

coordination sphere prior to oxidative
addition

Beletskaya, |. P; Cheprakov, A. V. Organometallics 2012, 31, 7753—-7808
*Vs. SCE in MeCN, Bratsch, S. G. J. Phys. Chem. Ref. Data 1989, 18, 1-21




Cross-Coupling Classifications

regular cross-coupling: transition metal mediated nucleophilic substitution
H M
Ri—X N :B L -
1 R R — X

organic N-H base
electrophile nucleophile
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Cross-Coupling Classifications

regular cross-coupling: transition metal mediated nucleophilic substitution

Ri—X H -B ML - | 1 +
1 .
RQ/ \R3 H X RQ/N\Ra BH
organic N-H base
electrophile nucleophile
Ri_ X ’ oo
R—X Rz Rs NO Rs
B 1
Pdo/Pd!! Cul/Cu'l
Pd? ?2 & I
Ri. N<p, Cul N—Gu
Pd!l v Rs R,
?1
Ry
1 + N
_N_ BH R:” “Rs
R2 Rs

nucleophile plays the role of ancillary ligand in Cu!/Cull




Cross-Coupling Classifications

oxidative cross-coupling: transition metal mediated coupling of two nucleophiles

R
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organic N-H
nucleophile nucleophile
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Cross-Coupling Classifications

oxidative cross-coupling: transition metal mediated coupling of two nucleophiles
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Cross-Coupling Classifications

oxidative cross-coupling: transition metal mediated coupling of two nucleophiles
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Cross-Coupling Classifications

inverse or Umpolung cross-coupling: transition metal mediated electrophilic substitution

LG R
R—X A M, - I
organic N-H nucleofugal leaving

nucleophile electrophile group
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Cross-Coupling Classifications

inverse or Umpolung cross-coupling: transition metal mediated electrophilic substitution
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Copper in Cross-Coupling Reactions

RO___OR

X=N,0,S

oxidative coupling
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OH

Me

heteroatom
nucleophile

HO___OH

boronic acid

Chan-Evans-Lam Coupling

oxidative cross-coupling

2 equiv. Cu(OAc), O
. v
4A mol sieves, O, .

EtOAc

diaryl ether

Chan D. M. T.; Monaco, K. L.; Wang, R.-P.; Winters, M. P. Tetrahedron Lett. 1998, 39, 2933.

Evans, D. A.; Katz, J. L.; West, T. R. Tetrahedron Lett. 1998, 39, 2937.

Lam, P. Y. S.; Clark, C. G.; Saubern, S.; Adams, J.; Winters, M. P.; Chan, D. T., Combs, A. Tetrahedron Lett. 1998, 39, 2941.




Chan-Evans-Lam Coupling

oxidative cross-coupling

OH

HO, ,-OH
2 equiv. Cu(OAc),
. v
4A mol sieves, O,
EtOAc
Me
heteroatom boronic acid
nucleophile
R
H N—Cull
/
RZ/N\RS Rs \< R—X
cu' R,
Cul/Cull/Cullt /‘N—(Ilu”
. . Rs R1
can be made catalytic with an Oz
added oxidant
Cu!
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R
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JJ0

diaryl ether

CEL is stoichiometric in Cu'!




Chan-Evans-Lam Coupling
select catalytic methods

20 mol% [Cu(OH)*TMEDA],Cl, N=\ _@
> N 72%
CH.Cly, O, r.t. I%/ °

Collman, J. P.; Zhong, M. Org. Lett. 2000, 2, 1233—-1236




Chan-Evans-Lam Coupling
select catalytic methods

HO . -OH
20 Mol% [Cu(OH) TMEDA],Cl, N\ _@
> N 72%
CH.Cly, O, r.t. I%/ °
Si(OMe), AN
1.1 equiv Cu(OAc), H

> N7 61%
TBAF, DMF, O, r.t.
o)

Lam, P. S.; Deudon, S.; Hauptman, E.; Clark, C. G. Tetrahedron Lett. 2001, 42, 2427—2429
Collman, J. P.; Zhong, M. Org. Lett. 2000, 2, 1233—-1236




NH,

Chan-Evans-Lam Coupling

HO._ __OH

Si(OMe)g

HO_ __OH

select catalytic methods

20 mol% [Cu(OH)*TMEDA],Cl,

CH2C|2, 02, r.t.

1.1 equiv Cu(OAc),
>

TBAF, DMF, O, r.t.

5 mol% Cu(OAc),
>

10 mol% myristic acid
2,6-lutidine, PhMe, r.t.

N=\
|§/N—® 72%
N
Y
Q\V(N 61%
O

H
N
o0

Antilla, J. C.; Buchwald, S. L. Org Lett, 2001, 3, 2077-2079

Lam, P. S.; Deudon, S.; Hauptman, E.; Clark, C. G. Tetrahedron Lett. 2001, 42, 2427—2429
Collman, J. P.; Zhong, M. Org. Lett. 2000, 2, 1233—-1236




MeO_ __OMe

Me

Chan-Evans-Lam Coupling

determining reaction stoichiometry

OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me

88% 12%

King, A. E.; Brunold, T. C.; Stahl. S. S. J. Am. Chem. Soc. 2009, 131, 5044-5045




Chan-Evans-Lam Coupling
determining reaction stoichiometry

MeO__ B/OMe OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me Me
88% 12%

Cu and O, stoichiometry determined from anaerobic single-turnover experiment

Cu(ll):Product Stoichiometry
10

8 1:1 Cu:Product

:EE- (theoretical)
prrif |
8

4 2:1 Cu:Product
'E (theoretical)
e

2

0

0 5 10 15 20

[Cu(i)] (mM)

Cu'/product ratio is 2:1

King, A. E.; Brunold, T. C.; Stahl. S. S. J. Am. Chem. Soc. 2009, 131, 5044-5045




Chan-Evans-Lam Coupling
determining reaction stoichiometry

MeO._ B/OMe OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me Me
88% 12%

[Product] (mM)

Cu and O, stoichiometry determined from anaerobic single-turnover experiment

Cu(ll):Product Stoichiometry l:u:t'.‘.lz Stoichiometry

=h

]

=
1

T L

result consistent with
Cu oxidase mechanism

[Cu(i)] (mM)

Cu'Y/product ratio is 2:1 Cu'/0, ratio is 4:1

King, A. E.; Brunold, T. C.; Stahl. S. S.

10 1 —r— r
= i1 Gt (theoretical)
g | 11 CucProduct E B8O} . |
(theoretical) =
6 B 60+ 1
E 4:1 Cu:0, (theoretical)
4 2:1 Cu:Product E 40
{theoretical) E
2 On20} 4
o
0 O - —s
0 5 10 15 20 0o 1 2 3 4 5§ 6 T &
Time (Min)

J. Am. Chem. Soc. 2009, 131, 5044-5045




Chan-Evans-Lam Coupling

initial rates experiment reveals turnover-limiting step

MeO_ __OMe

B OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me

Me

88% 12%

Initial rates experiment: suggest transmetalation as turnover-limiting

King, A. E.; Brunold, T. C.; Stahl. S. S. J. Am. Chem. Soc. 2009, 131, 5044-5045
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Initial rates experiment: suggest transmetalation as turnover-limiting

B 1St order dependence on Cu(OAc),

B saturation dependence on boronic ester
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Chan-Evans-Lam Coupling

initial rates experiment reveals turnover-limiting step

MeO_ __OMe

B OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me

Me

88% 12%

Initial rates experiment: suggest transmetalation as turnover-limiting

B 1St order dependence on Cu(OAc),

o _ B saturation dependence on boronic ester
Cu' oxidation is relatively

fast compared to —> W 0 order dependence on O,
transmetalation

King, A. E.; Brunold, T. C.; Stahl. S. S. J. Am. Chem. Soc. 2009, 131, 5044-5045




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar

% d,2 2

d 3+ O

ground state




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar

14 d A dy
ﬁ d,? ﬁ d,2
d 3+ O d, 3+ 3+ e

ground state coupling excited state




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar

% 422 % 2.2 % A2, 2

dy 3T 3T O dy 3t 3T 0 d 31 3 0

ground state coupling excited state d,2 does not couple
orbitals have incorrect symmetry




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar

% 422 % 2.2 % A2, 2

dy 3T 3T O dy 3t 3T 0 d 31 3 0

ground state coupling excited state d,2 does not couple
orbitals have incorrect symmetry

Jobs = Je _X_k
AE




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar
% 422 % 2.2 % A2, 2

ﬁ dyy + dyy ﬁ dyy
d 3t 3T 0 dy 3T 3T O de 31 3t de

ground state coupling excited state d,2 does not couple
orbitals have incorrect symmetry

Jobs = Je — XA Jobs: €mpirical value from spectrum

AE
Je: energy of free electron (2.00023)




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar
% 422 % 2.2 % A2, 2

ﬁ dyy + dyy ﬁ dyy
d 3t 3T 0 dy 3T 3T O de 31 3t de

ground state coupling excited state d,2 does not couple
orbitals have incorrect symmetry

Jobs = Je — XA Jobs: €mpirical value from spectrum /22\\
‘AE 6 6
Je: energy of free electron (2.00023) / N
Xz 2 yz
x: modification factor of the free electron based on orbital mixing 't \ / f
2 / 2 \ f

X2-y2=—8 —= Xy

‘Magic pentagon’




Electron Paramagnetic Resonance Spectroscopy

Cu'l: d9, square planar
% 422 % 2.2 % A2, 2

ﬁ dyy + dyy ﬁ dyy
d 3t 3T 0 dy 3T 3T O de 31 3t de

ground state coupling excited state d,2 does not couple
orbitals have incorrect symmetry

Jobs = Je — XA Jobs: €mpirical value from spectrum /22\\
AE 6 6
Je: energy of free electron (2.00023) / N
Xz 2 yz
x: modification factor of the free electron based on orbital mixing 't \ / f
2 2 2
A: spin orbit coupling constant ]' / \ ‘t

. 2_y2=—8 — X
AE: energy between two orbitals Xy Y

‘Magic pentagon’




Chan-Evans-Lam Coupling

initial rates experiment reveals turnover-limiting step

MeO_ __OMe

B OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me

Me

88% 12%

EPR spectroscopy shows catalyst resting state as Cull

g-Value
28 25 24 23 22 21 2

g
[a:]

[Cu]=3.75mM
. *  [thearetical]) | 4
. = 1} ‘

8

Dz Pressure (Torr)
g

g
210" ——11 Minutes IL— {33
= A% Miruis _2%—
-4 ":'4 — 1409 Minules e o 1
= 04 Minules
& 10° 750 ; - \ : 0
2600 2800 3000 3200 3400 0 50 100 150 200 250
Field (Gauss) Time (Min)
no strong field aryl ligand evident reaction progress correlated with
consistent with transmetalation being as EPR spectra

turnover-limiting

King, A. E.; Brunold, T. C.; Stahl. S. S. J. Am. Chem. Soc. 2009, 131, 5044-5045




MeO_ __OMe

Me

Chan-Evans-Lam Coupling

equilibrium prior to transmetalation

OMe OH
5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me

88% 12%

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

equilibrium prior to transmetalation

MeO_ __OMe

5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me Me
88% 12%
deviation from standard conditions effect on efficiency
added acetate inhibition
added acetic acid inhibition
Cu(ClQ,), instead of Cu(OAc), no reactivity

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

equilibrium prior to transmetalation

MeO_ __OMe

5 mol% Cu(OAc),
> + + B(OMe),(OH)
1 atm O,, MeOH
27°C, 6h
Me Me Me
88% 12%
deviation from standard conditions effect on efficiency
added acetate inhibition
added acetic acid inhibition
Cu(ClQ,), instead of Cu(OAc), no reactivity
Cu(ClOy4), + 1 equiv NaOAc rate acceleration
Cu(ClOy4)- + 1 equiv NaOMe rate acceleration

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling
EPR spectroscopy

0
sol—Cu’ f(:ilj—-sol+ 2 MeOH === 2 Cu(OAc),(MeOH),

DJU &
Ysul = MeOH

A0

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling
EPR spectroscopy

0
sol—Cu’ f(:ilj—-sol+ 2 MeOH === 2 Cu(OAc),(MeOH),

DJU &
Ysul = MeOH

A0

9

- Theoretical [Cu(ll)] = 3.75mM ]

L2

[EPR-active Cu(ll)] (mM)
- [

0 . . . . .
0 20 40 60 80 100 120 140 160
[ArB(OMe),] (mM)

EPR signals appears after addition of boronic ester

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling
EPR spectroscopy

0
sol—Cu’ f(:ilj—-sol+ 2 MeOH === 2 Cu(OAc),(MeOH),

DJU &
Ysul = MeOH

A0

- Theoretical [Cu(ll)] = 3.75mM

9

#

L2

[EPR-active Cu(ll)] (mM)
- [

0 . . . . .
0 20 40 60 80 100 120 140 160
[ArB(OMe),] (mM)

EPR signals appears after addition of boronic ester
exhibits a saturation depedence on
concentration of ester

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling
EPR spectroscopy

0
sol—Cu’ f(:ilj—-sol+ 2 MeOH === 2 Cu(OAc),(MeOH),

O_L
0
~—=0
Ysul = MeOH

A0

<4 . Theoretical [Cu(ll)] = 3.75mM < 4 | Theoretical [Cu(ll)] = 3.75mM
E E
=3 =3
=3 =)
O O
09| 22
B B
P @
T 1 T 1
W, w,
0 — L, 0 L \
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
[NB{DME}ZJ {mh) [ArB[DMa}z] (mM)
acetic acid additive sodium acetate additive

both display an inhibitory effect on EPR signal
suggesting that paddlewheel structure is stabilized

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

EPR spectroscopy
— Experimental
—— Simulation
m r .
T I S e
o _ f
© —A
—B
2400 2600 2800 3000 3200 3400
Field (Gauss)

EPR signal obtained immediately after mixing

Cu(OAc), and boronic ester displays two species

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

EPR spectroscopy
g value
26 258 256 254 252
I I | | |
— 0 mM AcOH
— Experimental 7 mM AcOH
—— Simulation —— 14 mM AcOH
@ — 49 mM AcOH
o - =) - —— 119 mM AcOH
e M P 5
o _ f
© —A
—B
| | |
2560 2580 2600 2620 2640 2660
f Field (Gauss)
2400 2600 2800 3000 3200 3400 g value
Field (Gauss) 26 258 256 254 252
I | | | |
. . . . .. — 0 M MaOAc
EPR signal obtained immediately after mixing 7.3 mM NaOAG
— 15 mM NaOQAc
. . . — 29 mM NaQAc
Cu(OAc), and boronic ester displays two species @ 29 mu o
= —— 59 mM NaOAc
=

relative concentrations of the two species are altered
by the addition of additives

\ £

] | | | |
2560 2580 2600 2620 2640 2660
Field (Gauss)

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




MeO

Np”

OMe

-+

1 /2[CU(OAC)2]2

Chan-Evans-Lam Coupling

mechanism of transmetalation

O—Cul(OAc) _OAc o—cull
Me \ _ /OMe Me—<\ _ /OMe
- +O—B—OMe -« +O—B—OMe

inhibitory effect of added

acetate

g value

2.6 258 256 254 282
| | | | |

— 0 mM NaOAc

7.3 mM NaOAc
—— 15 mM NaOAc
— 29 mM NaODhAc
— 73 mM NaOAc
— 59 mM NaOAc

dy"/dB

A7

] | ] l l |
2560 2580 2600 2620 2640 2660
Field (Gauss)

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

mechanism of transmetalation

MeO OMe O—Cu(OAc) —-OAc O—Cul
~B” Me—( _ QMe Me—<\ _ OMe
+ 1/2[Cu(OAc), € LO—B—OMe -~ LO—EB—OMe
g value
26 258 256 254 252
I I I [ |
O—Cu' cull
Ve OMe +/ — 0 mM AcOH
N\ -/ MeOH Me—Q 7  mM AcOH
,0—B—OMe ~B—OMe — 14 mM AcOH
P \ @ —— 49 mM AcOH
OMe ® —— 119 mM AcOH
—HOAc )
inhibitory effect of added
] | l

acetic acid 2560 2580 2600 2620 2640 2660

Field (Gauss)

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

mechanism of transmetalation

O—Cul(OAc) _OAc o—cull

MeO OM
® - © Me—<\ /OMe Me—<\ _/OMe
+ 1/2[CU(OAC)2]2 +O_B_OMe <_ +O_B_OMe
O—Cull cul . .
Me _ PMe Me—+O/ irre vers:blg cul
,0—B—OMe MeOH “B—0OMe transmetalation
6 \
- OMe >
—HOAc
MeO_ __OMe
inhibitory effect of added B aryl Cu(ll)
. . OMe
acetic acid

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

mechanism of oxidative coupling

OH

o _Cu(ln
Me
nucleophile coordination Me
lowersCu'l/Culll redox potential
Cu(ll)
Copper Oxidase
mechanism

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




OH
Me
nucleophile coordination
lowersCu'l/Culll redox potential
Cu(ll)

Chan-Evans-Lam Coupling

mechanism of oxidative coupling

irreversible and turnover-limiting
transmetalation
Me
O—Cu(ll)
Copper Oxidase
mechanism

Me

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




OH
Me
nucleophile coordination
lowersCu'l/Culll redox potential
Cu(ll)

Chan-Evans-Lam Coupling

mechanism of oxidative coupling

irreversible and turnover-limiting

transmetalation
Me
)

O—Cu(ll
Copper Oxidase
mechanism
Me
Cu(ll)
Oxidation to Cu(lll)
O—Cu(lll)
stoichiometry determined
Cu(l) from single turnover
experiment
Me

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

mechanism of oxidative coupling

OH HO.___OH

irreversible and turnover-limiting

Me transmetalation
nucleophile coordination Me
lowersCu'/Cu'!l redox potential ©
)

Cu(ll)

O—Cu(ll
Copper Oxidase
mechanism
Me
Cu(l)
Cu(ll)
Oxidation to Cu(lll)
: . O—Cu(lll)
reductive elimination stoichiometry determined

Cu(l) from single turnover

0]
/©/ \© experiment
Me
Me

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Chan-Evans-Lam Coupling

mechanism of oxidative coupling

OH _culll HO.,-OH

@)

irreversible and turnover-limiting

Me transmetalation
nucleophile coordination Me
lowersCu'/Cu'!l redox potential ©

Cu(ll) o—Cu(ll)
H,O Copper Oxidase
stoichiometry determined mechanism
from single turnover Me
experiment 2
Cu(l)
Cu(ll)
Oxidation to Cu(lll)
. L O—Cu(lll)
reductive elimination stoichiometry determined
Cu(l) from single turnover

0]
/©/ \© experiment
Me
Me

King, A. E.; Ryland, B. L.; Brunold, T. C.; Stahl, S. S. Organometallics, 2012, 31, 7948.




Copper in Cross-Coupling Reactions

Nu X

X = halide

Standard cross-coupling

¢
a0

Ulimann-Goldberg




Ullmann-Goldberg Reaction

cross-coupling reaction mediated by Cu!/Cu'!' redox cycle

Classic Ullmann-Goldberg reaction

2 equiv.
X =Br, Cl, |

2 equiv. CulL
>

N/

symmetric biaryl bond




Ullmann-Goldberg Reaction
cross-coupling reaction mediated by Cu'/Cu'll redox cycle

Classic Ullmann-Goldberg reaction

X
2 equiv. CulL —
> N
2 equiv. o
symmetric biaryl bond
X =Br, Cl, |
Ullmann-type coupling
X
Nu
CulL
H—Nu > + X—H
X =Br, Cl, |

C—heteroatom bond




Ullmann-Goldberg Reaction
cross-coupling reaction mediated by Cu!/Cu'll redox cycle

nucleophile coordination/

deprotonation R,
\

N— |

) Cu
N &
R R
proposed
mechanism

Cu!




Ullmann-Goldberg Reaction
cross-coupling reaction mediated by Cu!/Cu'll redox cycle

nucleophile coordination/ reversible
deprotonation R, oxidative addition
\
N— |
) Cu
H R2 X
N
R R
proposed
mechanism

Cu!

R cull
1\l|\l/ u | A
Ro S




Ullmann-Goldberg Reaction
cross-coupling reaction mediated by Cu!/Cu'll redox cycle

nucleophile coordination/ reversible
deprotonation R, oxidative addition
\
N— |
) Cu
H R2 X
N
R R
proposed
mechanism

Cu!

R1\N/CU”'| N
|

Ro =
reductive elimination

)

,\,m\ -2




Ullmann-Goldberg Reaction
cross-coupling reaction mediated by Cu!/Cu'll redox cycle

R1\'|\I/CUI”
Ry

putative aryl Cull

B Cu''has been widely proposed as an intermediate
B oxidative addition product has never been observed

B oxidative addition to Cu has no precedent




Ullmann-Goldberg Reaction

cross-coupling reaction mediated by Cu!/Cu'll redox cycle

450 500 550 600 650
wavelength / nm

UV-Vis spectroscopy

700

R1\II\I/CUI”
Ry

putative aryl Cull

utilization of constraining
macrocyclic ligands

(NMR, CV, X-ray)

d[Ar]/dt = kar,[ArBr]2[Cu']
d[ArH]/dt = ku{ArBr][Cul]

kinetics




X

NO,

Br

Ullmann-Goldberg Reaction
kinetics reveal reversible oxidative addition

NO,

CuOTf, aq. NH3 NO,
- (O
acetone

O,N

Cohen, T.; Cristea, |. J. Am. Chem. Soc. 1976, 98, 748—753




Ullmann-Goldberg Reaction
Kinetics reveal reversible oxidative addition

NO,

NO: CuOTH, ag. NH NO,
- O
Br acetone
O.N
formation of 2, 2'-dinitro-biphenyl: formation of nitrobenzene:
NO, NO,
C[ CuOTf CE CuOTf
Br Br
2nd order dependence 1storder 1storder 1storder

Cohen, T.; Cristea, |. J. Am. Chem. Soc. 1976, 98, 748—753




Ullmann-Goldberg Reaction
kinetics reveal reversible oxidative addition

NO,
C[Noz CuOTf, aq. NHj “ NO,
- (O 9
Br acetone
O,N

NO, K NO2
r
K
Br —1

NO,

Br

NO,
ot = OO
-~ OZN/

Cohen, T.; Cristea, |. J. Am. Chem. Soc. 1976, 98, 748—753




Ullmann-type Coupling Reaction

direction observation of Cu!/Cu'' redox steps

Ribas and Stahl's strategy:

o *
H N—H X—Cu—X ;QZI%N—H X—Cu!

- C |
" I\Il_\/Nf g H T \l:\lf
\ 7\
R R
macrocyclic ligand shown to highly constrained and stabilized
undergo C—H insertion with Cu aryl Cu' species

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

direction observation of Cu!/Cu'' redox steps

Ribas and Stahl's strategy:

macrocyclic ligand shown to
undergo C—H insertion with Cu

X—Cu—X

: X
R N

7\
R

highly constrained and stabilized
aryl Cull species

B allows for characterization by 'H NMR, CV and UV-Vis

B allows for study of reductive elmination

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330

X—Cu!




Ullmann-type Coupling Reaction

direction observation of Cu!/Cu'' redox steps

Ribas and Stahl's strategy:

X
Q X=cu Q%
N—H _
BIVIR > ——cun"NSH
H |—\/N O H’N| \N

\ 7\
NH R

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

direction observation of Cu!/Cu'' redox steps

Ribas and Stahl's strategy:

X
S x—cu A
N—H —
N - Sy ST
|—\/N 0] H™, N

\ 7\
NH R

B allows for study of oxidative addition

B allows for study of mechanism of C—N bond formation

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

characterization of aryl-Cu'll complex

Q CuCl, or CuBr, X
NZH > ~N<=H +  CuClor CuBr

C |
I—\/N\
R R

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

characterization of aryl-Cu''! complex

Q CuCl, or CuBr, X
y NSH > ~N<=H +  CuClor CuBr

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

characterization of aryl-Cu''! complex

Q CuCl, or CuBr, X
H \Nﬁ_H > N/Cu“"N_H +  CuClor CuBr
I_\/N H™ I—\/\Nf

R Y

electronic spectra (LMCT): agrees with ligand field strengths of the halides

369 and 521 nm 399 and 550 nm 422 and 635 nm

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

characterization of aryl-Cu''! complex

Q CuCl, or CuBr, X
y NSH > ~N<=H +  CuClor CuBr

-330mV -310mV -300mV

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

reductive elimination

CuCl, X HOTf (1.5-10 equiv) Q
,~N=H > 5 NgH

Cu! N
N1 f MeCN, 298K H™ f
e | A
\R <1hr R

quantitative

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

reductive elimination

X
CuCl, HOTf (1.5-10 equiv) Q
— > 1~ N=H > o NSH
H E N MeCN, 298K LN
\R <ihr \R
B B quantitative

Abs

350 400 450 500 550 600 650 700
wavelength / nm

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

reductive elimination

Q CuCl, Q% HOTf (1.5-10 equiv) Q
NS > i~-NZH > N O \Nﬁ_H

f N—Gu e
H '—\/\Nf MeCN, 298K '—\/N\
\ <1hr R
R
) B quantitative
X R E1/2 (MV) Kobs(S~1) (298K)
complex
« Cl H -330 7.12(6)x102
§ :/ C;UH:NFH Br H -300 4.08(5)x104
~N
H \
=N Cl Me 400 5.05(5)x103
R

rate of reductive elimination controlled by C—halogen bond strength

C—X reductive elimination rates do not correlate with E,, values

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

reductive elimination

o 3 HBr Br
l‘ Br NJH
) cum~NSH H—N f
/N/ u I_\/N
|| H I\/Nf

| "
L] J;' |

mmn . | l I#-_..__._. ——— e S — _-\_-I___i'._ll._- o —
102 mn ,J-_.ﬂ..__r-', ¥ o, _“.___.* ]l '}__,__,

&7 mn - ™ ||. | e rm—— e M 1:—-' I.-'r" ;.IL-.
37 M = e

,_f|-|-.---\._--. - e e --""\—-—r—--l'" -

17 N e -s./' l,r'..__,,_...u S J""‘w-.h-._....z\ 4 'Iu }IL .......
12 MY e’ [\ fL._._m R W, S ___,. Y I/ K
7 OO e’ e m— e e o R
1=Gmn MR B S S il gt N Nt
] I . .

675 670 445 440 435 430 425 PPM

(0]
Q 3.8 mol% Cu(MeCN),PFg Q
Br N—H -

&y N
LN _ CD4CN, 298K H

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

relationship of this study to the Ullmann reaction

0
? >\\ B 3.3 mol% Cu(MeCN),PFg Q _
g NSH NH > N-pyr S

h f ’ N yr
H™ CD4CN, 298K H™
\ Z L,
R R
R2
H N—CUI
N R/3
R R
Cul/Cull
R2
‘N—Cuyll
Cu! , Cllu
E1
R~ “Rs

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

relationship of this study to the Ullmann reaction

0
S >\\ 3 3.3 mol% Cu(MeCN),PF Q _
< B \NﬁH . NH > e N-piNﬁH

H N _ CD4CN, 298K H N

\ <\
R R
R
H /‘N—CuI B macrocyclic ligand lowers barrier to oxidative addition

B macrocyclic ligand stabilizes Cu'!

N
7N R3
Rs Ry R—X
“effectively inverts the relative rates of both redox
steps
Cul/Culll
R
Cu!

2
‘N—Cuyll
NG
v RS R1
R
'I\l1
Ry "R

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Ullmann-type Coupling Reaction

relationship of this study to the Ullmann reaction

S
sr N<H NH

—N
H f
N\ =
R
Ro
H N—CUI
N\ R/
- 3
RQ RS Y R1_X
\{ Cul/Culll
Ry
‘N—Cuyll
Cu! , Cllu
v RS R1
E1
R~ “Rs

3.3 mol% Cu(MeCN),PFg

CD5CN, 298K

> Q:N_H

B macrocyclic ligand lowers barrier to oxidative addition

B macrocyclic ligand stabilizes Cu'!

“effectively inverts the relative rates of both redox

steps

B mechanism of Ullmann-Goldberg can vary

*use of less coordinating nucleophiles or higher coordinate

ligands can affect key redox steps

Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas, X. Chem Sci. 2010, 1, 326-330




Copper in Cross-Coupling Reactions

(0] X
HN/U\O +
\_/
nucleophile X = halide

oxidative coupling

¢
a0

"Aromatic Glaser-Hay"




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

Cu

ZT
20

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833—-835




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

TCU”I

Cu /Rz
— —_— R—=—N
O, 7
cull
+ R———cu

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833-835
Brasche, G.; Buchwald, S. L. Angew. Chem. Int. Ed. 2008, 47, 1932—-1934
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

LiX

X=Cl, Br

Cu R

Cu AN X

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833-835
Brasche, G.; Buchwald, S. L. Angew. Chem. Int. Ed. 2008, 47, 1932—-1934
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

LiX

X=Cl, Br

Cu R

Cu AN X

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833-835
Brasche, G.; Buchwald, S. L. Angew. Chem. Int. Ed. 2008, 47, 1932—-1934
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




MeO

Glaser-Hay Type Couplings

oxidative cross-coupling

LiX - Cu
Rl —
X= Cl, Br ¥z O,
OMe OMe
2 equiv. CuX, 0 Me
- bl
AcOH MeO ©

Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




MeO

LiX

X=Cl, Br

OMe

Glaser-Hay Type Couplings

oxidative cross-coupling

N H Cu N X

OMe
2 equiv. CuX, 0
X >

Me

AcOH MeO ©

Cu(OAc),
Cu(OTf),
Cu(ClOy)5
CuF,
CuCl,
CuBr,

Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

oxidative cross-coupling

LiX N H Cu N X
R - Ri—
X=Cl, Br S 02 G
OMe OMe OMe
2 equiv. CuX, Cl Cl
>
MeO AcOH MeO MeO

Cl

70% 7%
CUC|2
CUBr2

Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

preliminary investigations

Lix N Cu 7t
Al — Al
X=Cl, Br = O, >
OMe OMe
_ 25 mol% CuBr, Br
LiBr -
MeO AcOH, 60°C MeO

Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

preliminary investigations

Lix N Cu 7t
Al — Al
X=Cl, Br g O, 0
OMe OMe
_ 25 mol% CuBr, Br
LiBr >
MeO AcOH, 60°C MeO
OMe OMe
o Cl
LiCl 25 mol% CuCl,
>
MeO 6 equiv. AcOH, 100°C MeO

Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

preliminary investigations

Lix N Cu 7t
Al — Al

X=Cl, Br = O, =

OMe OMe
_ 25 mol% CuBr, Br

LiBr -
MeO AcOH, 60°C MeO
A
CuBr, —_— 2 CuBr + Br,

regioselectivity follows that of electrophilic aromatic bromination

Barnes, J. C.; Hume, D. N. Inorg. Chem. 1963, 2, 445—448
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

preliminary investigations

Lix N Cu 7t
Al — Al
X=Cl, Br = O, >
0 20 mol% NaNO, 0
N Me - Me
— 1.3 equiv HBr Br
A
CuBr, —_— 2 CuBr + Br,

regioselectivity follows that of electrophilic aromatic bromination

Zhang, G.; Liu, R.; Xu, Q.; Ma, L.; Liang, X. Adv. Synth. Catal. 2006, 346, 862—866
Barnes, J. C.; Hume, D. N. Inorg. Chem. 1963, 2, 445—448
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

preliminary investigations

Lix N Cu 7t
al — nl-
X= ClI, Br Y 0, =
25 mol% CuBr, Br
) v

AcOH, O,, LiBr 'Br

75%

A
CuBr, —_— 2 CuBr + Br,

regioselectivity follows that of electrophilic aromatic bromination

Zhang, G.; Liu, R.; Xu, Q.; Ma, L.; Liang, X. Adv. Synth. Catal. 2006, 346, 862—866
Barnes, J. C.; Hume, D. N. Inorg. Chem. 1963, 2, 445—448
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

LiX

X=Cl, Br

Cu R

Cu AN X

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833-835
Brasche, G.; Buchwald, S. L. Angew. Chem. Int. Ed. 2008, 47, 1932—-1934
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

oxidative cross-coupling

Oxidative coupling of a Cu-bound nucleophile and a C-H bond

LiX

X=Cl, Br

Cu R

Cu AN X

Hamada, T; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833-835
Brasche, G.; Buchwald, S. L. Angew. Chem. Int. Ed. 2008, 47, 1932—-1934
Yang, L.; Lu, Z.; Stahl, S. S. Chem Commun, 2009, 6460-6462




Glaser-Hay Type Couplings

evidence for an aryl-Cu'l!

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




Glaser-Hay Type Couplings

evidence for an aryl-Cu'l!

Br
o —HBr Q
CUBF2 ||’N_H + /N_H

cul _—Cu!
f MeCN —~N—" \ f H/N \ f

R \R R

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




Glaser-Hay Type Couplings

evidence for an aryl-Cu'l!

Br
N=H _e o Qﬁ N=H
_ _ Q N
—N H CUBr2 /CUIH’N H * /N/CUI
A oo S A,
N

Br
; >7Q MeOH
NS — > y ome NS
H/'\,‘_\/\Nf MeCN H— N

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




Glaser-Hay Type Couplings

evidence for an aryl-Cu'l!

Br
N=H _e o Q% N=H
_ _ Q N
—N H CUBr2 /CUIH’N H * /N/CUI
A oo S A,
N

\
R Y R

Br
; >7Q MeOH
NS — > y ome NS
H/'\,‘_\/\Nf MeCN H— N

\ \
R R

S e
MeCN H N

\
R

I Qﬁ
- % N_H
HN + N/Cu'" NJH Npy
H/
x>

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




Glaser-Hay Type Couplings

kinetics of methoxylation reaction using the method of intial rates

Br
S >7A MeOH Q
_cim-NSH — > N OMe NSH
H/’\,'_\/\Nf MeCN H’|_\/N

\
R R

540 ; : :

520 !\ i

n

o

o
T

1

p0O ) (torr)
Y
o
o

460 - _

440 | 1 ] 1 1
0 50 100 150 200 250 300

Time (min)

kinetics determined by O, consumption

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




02 Uptake (umol/s)

Glaser-Hay Type Couplings

kinetics of methoxylation reaction using the method of intial rates

15t order dependence

: Br
CUIII/N_H

15t order dependence

MeOH
> N=H
R MeCN R
N N
\ I_\/ \
R R
02 T T T T T T 02 T T T 02 T T T T
_— — ] - L 5
015} L) E D015+ g .._"';0.15— v ° -
. : . :
0.1} - 2 04t 7 S o1t 1
(] 2 £
£ 3
0.05 | S 005 - 5005} -
o o
D 1 1 I I 1 I I 0 1 1 1 1 1 D L I 1 1
0 10 20 30 40 50 60 70 80 0 05 1 15 2 25 3 300 400 500 600 700 800
arene ligand (mM) Cu'l (mM) 002 (torr)

0 order dependence

King, A. E.; Huffman, L. M.; Casitas, A.; Costas, M.; Ribas, X.; Stahl, S. S. J. Am Chem. Soc, 2010, 1147-1169




02 Uptake (umol/s)

Glaser-Hay Type Couplings

kinetics of methoxylation reaction using the method of intial rates

Br
>/: >7AN H MeOH ; >\\N ’
N/C\u'? c > N OM?
H— MeCN H™
N
=N =N
R R
0.2 0.2 0.2
— — [ ) & L r1
0.15 L) 20.15 g .._"'.;015 hd * -
. 2 . 2
0.1 = o1 1 = 01} ]
Y < -
8 =
0.05 S 005 - 5 0.05 -
o o
D | | | 1 1 | I 0 | 1 L 1 | D 1 1 | 1
0 10 20 30 40 50 60 70 80 0 05 1 15 2 25 3 300 400 500 6800 700 800
arene ligand (mM) Cu'l (mM) pO2 (torr)

15t order dependence

15t order dependence

catalytic steps involving O, are comparatively fast
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