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 Introduction: Cu in biology




Copper in biology

Element Abundance of

Selected TM

—_
=Y
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Human Plasma
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o o =
» (o] o

o
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Fe Co Ni

Cu

13.1: Biological Significance of Metals. ChemLibreTexts; LibreTexts

FRAE AR AT EUR T AT Bt ARA, 1991

Zn

Sawyer, D. T. Oxygen Chemistry; Oxford University Press: Oxford, U.K., 1991.

Bounds, P. L. et al. Free Radical Biol. Med. 2010, 49, 317.

Redox potential under physiological conditions

&%v
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—
N

—
[N

—
o

Cu?t
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Copper in biology

Cu, Fe
nCu?| CHsOH Ozv"'i’o 0, |[Cu zn
CHs + 0Oy J 87;3::’:"‘9 ¢ K‘ 0,+ 05
rich redox behavior of Cu & Cu clusters Monooxygonase : Dt
H20 HCHzNHz + 02
3 Cu m’g:te Oxidase o & Cu, organic
0, RCHO
Cu/0,
& - Hemocyanin C)J;acidaatsc-)se
i > Cu 3 (05 transport) ( Cu, organic
0, RCHO + H,0,
: : : O 0 HO ~ OH Tyrosinase ' Eﬁ&"r‘é‘&m OH
necessity of metal for O, activation Tyrosinase ,\ e i s el /“ HO
Catechol Monooxygenase
2Cu “00C _ HO 1Cu
)"OH )
~{ HN HN ~"NH,

Stack, T. D. P. et al. Chem. Rev. 2004, 104 (2), 1013—-1046.

1Cu




Cu-0O, interactions

He (H* +e7)

« Mononuclear Cu sstl -
e =
LCu ~0
Egll
o)
LCu' = : = LCu"’O‘O'
* Dinuclear Cu
EglN
o)
2LCuU = 2 "“LCu"’O‘o‘-‘C“IL"
EgI,II
LCu" ’O.“ 0 -CullL

Garcia-Bosch, I. et al. Chem. Rev. 2019, 119 (4), 2954-3031.

splil
.0
= LCu'"\ |
o)
EHP! o-ll OH"
He (H*+e7) He (H* +e7)
- - 0 ~ - -=)* -
> Lcul'” “~o-H oo LCul'-0 LCu''-OH
b |
0.[“ OH"I
He (H* + e
LCu'l-O* H+e), LCu-OH
spliii 0,0 o
-~ O Sy e N
= LCul'_ | CullL < = Lcull_ cu'lL
o) o
Wl =
EpIl,li n1HpILI OH,OH! 14
H+ I
LCu"'o‘o'C""L = o] Lo LCu":O:Cu"L
O-H ﬁ



Cu-0O, interactions

EPR silent o
Strong Antiferromagnetic Coupling

P ' + ( xz —'VZ)A + ( xz _y 2) s

? deatde
- LCu“icI):Cu"L - 2,251 d,2,25

L

LA
s 2

(xz_yz),\ - (xz-yz)B

Garcia-Bosch, I. et al. Chem. Rev. 2019, 119 (4), 2954-3031.
Solomon, E. I. et al. Chem. Rev. 2014, 114 (7), 3659-3853.



Cu-0O, interactions

« Mononuclear Cu < - P o
" Te - = Lcu” |
LCu ~0 u -0
Egll EHP! ol OH!
(o) He (H* + e He (H*+e7) He (H* +e7)
LCu' = = cu %o ( L. Leut9~o-H 5 |~ Lcu'-0° >  LCu'-OH
=iz
b |-
0.'“ OH"I
He (H* + "
LCu'l-O* H+e), LCu-OH
* Dinuclear Cu
Eglll splLl 0,0
02 0 I /0\. , ’0\
2LCU = ~Lcul""-g--Cul= = LCull__ cl) —CullL = = LCu" _cu'lL
o)
| [
EgI,II EpIl,lI nHPILN OH,OHMI 4
e” H+ 1]
Lcu“fo.-..o .CullL - Lcu"’o‘o .CullL g = LCu"..q~Cu L Lcull’o:cullL
O-H \8

Garcia-Bosch, I. et al. Chem. Rev. 2019, 119 (4), 2954-3031.




Copper in biology

His 324
Phe 200 His 177

His 328 Cug

His 364
His 204  His 173
Phe 360

Hemocyanin from Limulus polyphemus Cytochrome C oxidase (Complex IV)

Vo]

Solomon, E. |. et al. Chem. Rev. 2014, 114 (7), 3659-3853.



Outline

« Copper-dependent monooxygenases: case studies on two enzymes
« Peptidylglycine Monooxygenase (PHM)
« particulate Methane Monooxygenase (pMMO)
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Peptidylglycine Monooxygenase

C-terminal amidation of peptides for normal biological function

o) o)
e : ZZ PHM (Cu) @ g ./[ PAL (Zn/Ca)
NH > NH

Dysfunction causes:

o altered behavior
N >~ oP ./[( abnormal neurotransmission
a ascorbate, O, HO"'( NH,

COO- COO-

both enzymes translated onto one peptide chain
then proteolyzed during PTM

KR KK N-CHO

1 KK TMD
: X 9%, [_PAL catalytic core e
signa T .
; protease- routing
pro-fegion sensitive signals
region
(exon 15)

Amzel L. M. et al. Cell. Mol. Life Sci. 2000, 57 (8), 1236—1259.
Mains, R. E. et al. British J Pharmacology 2022, 179 (13), 3306—-3324.

inability of temp. stabilization

close-open transformation of PHM

A

11



Peptidylglycine Monooxygenase

* Proposed mechanism

Met His R i ‘
\ 7 "' COOH |
Cup(l) H)\k ms-—(l:uﬂu)

' is O, His

CuM superoxide formation

Met His R - ‘
uy,(11) H/\,; = ’—éuu(l)
. |
. His

| Hs beg

Asc-OH Asc-O+ ‘

HAA from ascorbate

Met  His
| () “"—‘Tl"u(")
‘ His OH

‘ Mel\ His ’3.\..:cooH (o
/Ci‘m(ll) N e
i His O\OH

Open to closed

Wang, B. et al. J. Am. Chem. Soc. 2019, 141 (50), 19776-19789.
Blackburn, N. J. et al. J. Am. Chem. Soc. 2024, 146 (8), 5074-5080.

Substrate binding
Ascorbate reduction

CatalyticCycle

His

His

Met His His

un)  Cugll) |
AN
Hifs \3/ His

Closed to open coupled to product release

“ |
-\;coou

Met His H© s

F /
/\Cu,,,(\ﬁ) >c:Q{(u) ‘
His g His

Radical rebound

Met  His His
F |
unl _Cuy()

Hé \(I)’ i is

OH

O-O bond breaking

g |

Met :uis 5 His B

g N Mixed valence
His \CI)/ “His |

H

HAA from peptide

12



particulate Methane Monooxygenase

* Methanotroph: discovered in 1905 CO,

not always present & working

soluble MMOQO: di-iron center
CH;  90% of the CH, is m
emitted via the plants

Surface soil \ i
ace so 1 TR T . MMO y membrane-bound partICU|ate MMO

(oxic; 3 mm)

CH,

Plant

debris
(anoxic; high

organic matter) Organic
Matter

-

Methangén )

Rhizosphere
(partially oxic;
high organic matter)

Conrad, R. Advances in Agronomy; Elsevier, 2007; Vol. 96, pp 1-63. 13



particulate Methane Monooxygenase

* Methanotroph: discovered in 1905 CO,

not always present & working

: CH,OH / soluble MMO: di-iron center
CH;  90% of the CH,is Methanotroph / m
e S0l emitted via the plants
S I L N Tl @ T membrane-bound particulate MMO

2 Gh »

CH, ) )
o — Active Site??

debris
(anoxic; high
| organic matter)

Organic
Matter Fe? di-Cu?

Bulk soil

(anoxic)

mono-Cu? tri-Cu?

Rhizosphere
(partially oxic;
high organic matter)

Methangé )

Which Cu site?

Conrad, R. Advances in Agronomy; Elsevier, 2007; Vol. 96, pp 1-63.
Ross, M. O.; Rosenzweig, A. C. J Biol Inorg Chem 2017, 22 (2-3), 307-319.

1
Rosenzweig, A. C. et al. Chem. Rev. 2024, 124 (3), 1288—1320. 4



particulate Methane Monooxygenase

« A monocopper mechanism at Cup site

i/

H  H
\_ s/
- MeOH, + H,0 = + 0y, - H0
cu'
H23?m .

Cu,site & . HO
H245 ¥ OH
‘ g’ H3C\H +./H\ s CH4 \Cﬁll + H+, +e

=3

227 \ O~y /

CU”
HO' OH O—OH
+H +e
BDE (CH,—H) = 105 kJ/mol
Siegbahn, P. E. M. J. Phys. Chem. B 2024, 128 (24), 5840-5845. 15

Rosenzweig, A. C. et al. Science 2022, 375 (6586), 1287—1291.



Outline

« Small molecule emulation
« Baran-Schonecker method

« Mechanism revision and further optimization
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Ligand Oxidation on Cu Complexes

Mononuclear complexes

Ph MesN

)\N/Me

" Vs
N—<
\O—O <\‘\/,‘Cui (.\H
N N<\‘ o
\\ ) NS NMe;
MezN/<
% NMe; NMe,

Karlin, K. D. et al. Angew. Chem. Int. Ed. 2008, 47 (1), 82—85. Dinuclear complex es
Itoh, S. et al. J. Am. Chem. Soc. 2009, 131 (8), 2788-2789.

Réglier, M. et al. Eur. J. Inorg. Chem. 2000, 2000 (2), 393-398.
Fukuzumi, S. et al. Angew. Chem. Int. Ed. 2000, 39 (2), 398—400.
Fukuzumi, S. et al. J. Am. Chem. Soc. 1998, 120 (12), 2890—2899.
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Ligand Oxidation on Cu Complexes

Mononuclear complexes

Me,oN
Ph 2
/\( )\ Me
N (\N/ N
N A L
Cu \0—0 \,Cu” (\H
N \“/‘ \0'
= ';‘\,\—-N\ NMe,
\ Me N/<
% ? NMe; NMe,

Karlin, K. D. et al. Angew. Chem. Int. Ed. 2008, 47 (1), 82—85. Dinuclear complexes
Itoh, S. et al. J. Am. Chem. Soc. 2009, 131 (8), 2788-2789.

Réglier, M. et al. Eur. J. Inorg. Chem. 2000, 2000 (2), 393-398.
Fukuzumi, S. et al. Angew. Chem. Int. Ed. 2000, 39 (2), 398—400.
Fukuzumi, S. et al. J. Am. Chem. Soc. 1998, 120 (12), 2890—2899.

18




Outline

« Small molecule emulation

« Baran-Schonecker method

19



Discovery

Py
o : : OH ) . ;
!\N H Condition A: Cu(MeCN)4PFe, acetone, O, hydrolysis j\) O yield: from ketone/amine
1 Or- >~ < , .
% N\\ Condition B- Cu(OTf),, acetone reduction Y in parentheses: [O] step only
i i ] benzoin, Et;N then O, ! ! OH benzoin
[} [}
N N
| A NH, | \'!l | X Xo | .
O H _N ~ NH, H _N ~
\\N\\ > \\N\\ r
i ' p-TsOH-H ,0, toluene, D-S trap N H ' ' p-TsOH-H,0, MeOH, 60°C NN

reflux

(o}
OH

A: 17.4% (31%)
B:2.2% (4%)

A: 17.4% (20%)
B: 30.5% (35%)

A: 15.6% (18%)

B: 43.5% (50%)

A: 17% (20%)

B:9.6% (11%)

Schoénecker, B et al. Angew. Chem. Int. Ed. 2003, 42 (28), 3240-3244; Tetrahedron 2005, 61 (1), 103—114; Chem. Eur. J. 2004, 10, 6029 — 6042

H
~
~ ~
~
| |
| |

A: 37% (46%)

20



Mechanism postulation

!\ Condition A: Cu(MeCN),PFg, acetone, O, hydrolys:s

0]
\IN b N
\\)\/L ‘e Cu(OTf),, acetone reduct:on O

i i b Condition B: benzoin, Et;N then O, OH benzoin

— =t
TN AN TN N N\
L\CUI/N — (N’Cu{o/\Cum/N — (N’\C“{/o/\cum/N __
\N x2 H N
)/ > )/
+o2
.- ) .- )
{ H { H
te SO A 7N
N— \Cu”/ — —
o N\
)/ <
Stalled w/o reductant
a “50% limit” starting from Cu(l) .- T .- )
1 H 1 H

Schonecker, B et al. Tetrahedron 2005, 61 (1), 103—114. Holthausen, M. C. et al. Angew Chem Int Ed 2003, 42 (48), 5961-5965.
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Mechanism postulation

Py
!\ Condition A: Cu(MeCN),PFg, acetone, O, hydrolys:s O
J\/i' > \)\/l
o .~ . . Cu(OTf),, acetone reductlon
H H Eondivene benzoin, EtzN then O, O OH benzoin
| |
7\ \ —
— !/ ( \ o) !/ N
N n= \ —
I_\Cu'/N — Cu\ \Cu”'/ — ( /Cu{ \ 1
O/ O/Cu
/ /) N /
N +0,
7\
— -7 b -7 b - {
A A i
1.1.0 eq. Cu(OTH), L '
2. 2.0 eq. benzoin, 2.0 eq. Et;N, DCM
3. Oy, rt. 24hr
+e N H N
72\ ey=O Y (™Neyi—0
— N~ NN N~ N\ -
OH N /Cu \ /Cu
Ny Limit bypassed o \/N H—©0 \/
on activated C-H
Stalled w/o reductant
*) VAR a “50% limit” starting from Cu(l) .- ) .- )
1 H H
— [}
quantitative yield
22

Schonecker, B et al. Tetrahedron 2005, 61 (1), 103—114. Holthausen, M. C. et al. Angew Chem Int Ed 2003, 42 (48), 5961-5965.




Baran’s modification

[Cu], reductant
solvent, O,
50C, 1.5 hr

then Na,EDTA workup

'

[Cu] Red. Solv. R Yield%
Cu(l) None 0.02 M acetone A 45%
Cu(l) benzoin/Et;N 0.02 M acetone A 21%
Cu(l) Na ascorbate 0.02 M acetone A 67%
Cu(l) Naascorbate 0.15M ace/MeOH 1:1 A 66%
Cu(l) Naascorbate 0.15 M ace/MeOH 1:1 B 90%
Cu(ll) Na ascorbate  0.15 M ace/MeOH 1:1 B 68%

Cu(l) = Cu(MeCN),PF; Cu(ll) = Cu(OTf),, 2.0 eq. reductant

Baran, P. S. et al. J. Am. Chem. Soc. 2015, 137 (43), 13776-13779.

B B
N~ N~
R: A R: B

All yields here starting from imine

from Cu(l): 62%
from Cu(ll): 64%

from Cu(l): 40%
from Cu(ll): 2%

from Cu(l): 32%
from Cu(ll): 68%

extra [Cu] & red. used
6 hr instead of 1.5 hr

DG-A used
(o]

OH

from Cu(l): 94%
from Cu(ll): 87%

23



Local desymmetrization through DG design

X
P
N
NH,
51% + ND
AN
L.
N
(%) NH,

40% + 20%

Yu, B. et al. Nat Commun 2020, 11 (1), 4371.

| AN
= Me
N
(R)-D2 NH,

25% + 40%

X

—Z aMe
N -

(S)-D2

NH,

+ ND

DG installation

Baran's Cu(ll) condition

>

X

~ i-Pr
N
(R)-D3  NH;
15% + 49%

X
| P Wi-Pr
N K
(S)-D3  NH,
58% + ND

CHO

OMe

24



Local desymmetrization through DG design

» Selected Scope (brsm yield in parentheses)

Entry DG 6-a 6-b
- 1a D2(R) N.D. 47% (83%)
CHO 1b D2(S) 65% N.D.
RI
6R'=R2=H 1c D3(R) N.D. 53% (90%)
TBSO 6-a R1 = OH, R2 =H
6bR'=H,RZ=0H 1d D3(S) 92% N.D.
H Entry DG 10-a 10-b
5a D2(R) N.D. 65%
.||R2
CHO 5b D2(S) 75% N.D.
R1
10R'=R2=H 5c D3(R) N.D. 94%
1880 10-aR'=0OH,R%2=H
10-b R' = H, R2 = OH 5d D3(S) 73% N.D.

Yu, B. et al. Nat Commun 2020, 11 (1), 4371.

OHC, Entry DG 1t1-a[X-ray]  11-b[X-ray]
H1
6a D2(R) N.D. 42%
6b D2(S) 71% N.D.
11R'=R2=H 6¢c D3(R) N.D. 46%
0 11-aR'=OH, R2=H
11-bR'=H,R2=0H 6d D3(S) 89% N.D.
“ CHO Entry DG 13-a
wR
8a D2(R) 47%
MeO 8b D2(S) 69%
8c D3(R A47%
13-aR =0H
8d D3(S) 80%
Entry DG 14-a
9a D2(R) 539,
9b D2(S) 96%
9c D3(R) 75%
ad D3(S) 98%
26



Outline

« Small molecule emulation

« Mechanism revision and further optimization

27



Is it really through [Cu,0,]?

» Reaction of well-defined complexes under extremely dilute conditions ([Cu] = 4mM)

N
MeCN—_ . ="\ —

instant green  FFe \
upon O, exposure

HO
s-cu'
[O] Temp Time Yield% [O] Temp Time Yield%
O, 0°C 6 h 46% O, 50 °C 6 h 2%
0, 20°C 6h  57% 50 50oc 05h  43%
H202
0, 50 °C 6 h 77%
5€d-  o0oc  05h  66%
H,0, '

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

[O] Temp Time Yield%

O, 20°C 6h 0%

O, 50°c 6h 0%
09 20°c 0.5h  38%
H,O,

[O] Temp Time Yield%

O, 50°C 6h 10%
53 20°c 0.5h  53%
H,O,

28



Is it really through [Cu,0,]?

N
[O] Temp Time  Yield%
O, 0°C 6 h 46%
O, 20 °C 6 h 57%
O, 50 °C 6 h 77%

yield sensitive to temperature
under long reaction time

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

Reaction of well-defined complexes under extremely dilute conditions ([Cu] = 4mM)

under previous dinuclear proposal

-MeCN

+0.50, fast
S-Cu = > §-Cu'* — > S-Cu,0,-S — > S(OH)-Cu,0-S
dimerize

extremely unstable
decomposition fast

cannot explain such temperature sensitivity

new mechanism

Yield dependence on temperature
Peroxides formation - Solvent oxidation
Homolytic H-

2H*/e
| ¢ O-0 bond cleavage abstraction
solv. 03

N H,0 CN'
LA» CN .Cu''-salv. ¢2‘ “ .Cu'-0
C Cop
C-H C-H

Kinetic analysis (UV-vis vs. Yield)

Radical
Rebound

Coros
Lc’o

N, o N,
CN.CU'-NCCH3 — CN .Cu'-0

(-C—H (-C-H >

N N
— C .Culo — C .Cul-0 —

(-c—ﬁ.o_H o CC'J

A B c D E F G
1 / 1* LCu'({OOR) Formation of RO- Radical formation
LCu/L Cu + Cu equilibria intermediates species (intermolecular (radical trap
0.5L,Cu'+0.5 Cu' 0.5L,Cu'+0.5 Cu'l characterization oxidations) experiments)

29

Stoichiometry
(Yields > 50%)



The Monocopper Mechanism

Yield dependence on temperature

Peroxides formation - Solvent oxidation Kinetic analysis (UV-vis vs. Yield)
| DH+/e- Homolytic H- Radical
O-0 bond cleavage abstraction Rebound

solv. 0%
N N N H,O N N N N
N.CUI‘NCCH:; __2’ CN .CU"'O‘ LA’ N.CU"'SOW. :_ N_cu“-o — N.CU“'O o N.CU"'O P N‘cu\“

. _ «0—-H -H20
(—C—H (-—C-H ° (—»C—H (—-C—H o (—c—ﬁ (-c"j Lc’o

A B c D E F G
1 / 1 / LCu"(OOR) Formation of RO- Radical formation  Stoichiometry
LCu/L ,Cu + Cu equilibria intermediates species (intermolecular (radical trap (Yields > 50%)
0.5 L,Cu'+ 0.5 Cu' 0.5 L,Cu" + 0.5 Cu' characterization oxidations) experiments)

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

30



Experimental & spectral validation

Yield dependence on temperature

Peroxides formation - Solvent oxidation

Kinetic analysis (UV-vis vs. Yield)

| DH+/e- Homolytic H- Radical
solv. O3 O-0 bond cleavage abstraction Rebound
V.

N o N, 2 ~N, H,0 N, N, . N N
CN.Cu'-Nccua_E.. CN.Cu“-D LA»CN.Cu"-solv. :2~ CN.Cu“-o — CN.CU“-O o™ CN.Cu"-o —> CN.Cu\"
C (G C Cen O CofT T o Ce®

C-H C-H C-H C-H C-H C C
A B c D E F G
1 / 1 ' LCu'(OOR) Formation of RO- Radical formation  Stoichiometry
LCu/L ,Cu + Cu equilibria intermediates species (intermolecular (radical trap (Yields > 50%)
0.5L,Cu'+ 0.5 Cu! 0.5L,Cu+0.5 Cul characterization oxidations) experiments)

Question: main species in solution

Determined via NMR to be
mononuclear

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

Low temp: disproportionation, 2HO, = H,0, + O,

High temp: solvent oxidation by HO,

(0] 0] (0]
)I\/H )I\ )I\/OH ' HO
pdts confirmed by GC-MS

solvents prone to peroxidation give higher yields

toluene/benzene low yield due to sequestering

Question: source of H,0,

O

A

31



Experimental & spectral validation

Question: prove intermediacy of Cu(ll)-OOH

N 0, as oxidant
— kp
OHMe N 0, 05 — H%OQ
Intermediates M ki ko ks
HO .
Intermediacy of 2 species 1st order wrt. [Cu]
1.2 06 1 0.2 1
0.15 1 \
300 ~ 25 -
AAb5650_550nm y= 0.0005 x + 1x107
08 204 0.1 0.1 1 y= 0.077 x + 7x10% 2 - R2=0.98
, -~ R2 = 0.99 = “k,” = 0.0005 s-"
» 2 = 200 “k,” = 0.077 s LIy
2 51
< < 0.05 - T :
0.4 0.2 A 0 v 7 v 5 S\ % o § o
X - 350 400 450 500 450 550 650 750 850 950 —— &
Wavelength (nm) Wavelength (nm) 0 A AADS 4500m o 100 y=0.0091 x + 1x10¢ &
orange -> grey -> red -> green R2 = 0.99 I
ge -> grey -> red -> gree “k,” = 0.0091 s 51 &
0 ; : 0.05 ' ' ' ° 0 0001 0002 0003 ° 0 0001 0002 0003
0 1000 2000 3000 J S : . A r
350 550 avelength (7::‘ ) 950 Time (s) [LCu, (M) [LCu, (M)
32

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.



Experimental & spectral validation

Question: prove intermediacy of Cu(ll)-OOH

N N large excess H,0, as oxidant
OH
Me i 0.5 Ho0, g 1202 1 I
Reaction workup LCUI —>» LCu —_— LCu (OOH) — L(C—OH)CU
Intermediates M 0 ki ko k3
A
Intermediacy of 2 species 1st order wrt. [Cu] 0" order wrt. [H,0,]
1.6 - 380 0.3 1 107 7 3
: orange ->red ->green 4g | y= 0.00224 X - 1x10°
f 8 - R*=099 ks = 0.0024 s
k;=0.0024 s
12 0.2 N & [ ]
' " 1.2 » w21{m m
< & = 6 1 =
8 o 750 } g @ 9
<08 - ' N <08 - < <
N 3 47 '9-1 -
i 0+ T T : ; = AAbSAOOnm E E
0.4 450 550 650 750 850 950 0.4 2 -
Wavelength (nm)
0 ' ﬁ" 0 T T 1 0 T T T 0 T T
350 550 750 950 0 1000 2000 3000 0 0.001 0.002 0.003 0 0.01 0.02
Wavelength (nm) Time (s) [LCu'], (M) [H,0,], (M)

33
Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.



Experimental & spectral validation

Question: prove intermediacy of Cu(ll)-OOH

» Additional experiment: ROOH as oxidant

Me Me _IO

t-BuOOH
acetone Rea ctic_)n
Intermediates

H3CON’ ”“N

t-BuOOtBu, (CumO),
or m-CPBA, CH,CO5H

Y

blue species
no ligand [OH]

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

Me Me
workup %
‘ N
OH

Abs

Similar spectra shift w/ H,0,and O, cases

1.2 1

0.8 -

0.4 -

375 11 30 4
0.8 1
£20 pdt e
" 06 1 AAbS-dGﬁmn E _,-""“‘
a : L
“04 s ~¥
' s10{ _®
0.2 1 r.
[v] T T 1 0 T T 1
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Experimental & spectral validation

Question: prove intermediacy of Cu(ll)-OOH

* EPR to confirm presence of relevant Cu species

®
q
square planar or ROOH Y square planar or
square pyramidal Cu(ll) R = alkyl or H / square pyramidal Cu(ll)
= Cu'\N/ \
L. MeCN L.
similar = Similar
—|@ —|@ EPR silent ®
q
\N or Y - . . : \
s | s/ similar results also obtained in steroid complexes Tio N
Cul. 7\ o—cu'L 7\ \/
[N rofN H0—Cu'l_ 7\
_0 — HO g — / N
HO H,0 —

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—-7904.
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Experimental & spectral validation

Question: O-O cleavage mechanism & the HAT species

 ROOH with different HAT capabilities

C
. _cu'—0, _
homolytic N ‘o-R » organic SPs (when R = alkyl)
cleavage &_c Y \
s
N—CU' O~ R HAT
e
hgte:e;\7;1WIc N—Cu" 0 | O _g > Ho
ge o) .
&‘ protonation
C-H

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887-7904.



Experimental & spectral validation

Question: O-0O cleavage mechanism & the HAT species

 ROOH with different HAT capabilities

‘0-R » organic SPs (when R = alkyl) st W/ N\

N N
C ,\Cu" 0 Me C 0 HO Me
d \O W<Me » N + Ph/u\me+ 1<hMe
C-H Ph ,\-—C-OH

©) R > HO” R Yield
o— L=81, 20°C 25% 28% 72%
0°C 14% 17% 83%
—40 °C 8% 3% 97%

L=S82 20°C 27% 26% 74%
Homolysis of O-0 bond in Cu'"-OOR involved 0°C 31% 7% 93%
—40 °C 36% 3% 96%

consistent observation of SPs corresponding to radical 3-scission

37
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Experimental & spectral validation

Question: O-O cleavage mechanism & the HAT species

 ROOH with different HAT capabilities

(- N\ "
—0O (- N, 1—0

L._C—H L._C—H

Cu(ll)-0 for HAT or O-radical for HAT?

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887-7904.
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Experimental & spectral validation

Question: O-O cleavage mechanism & the HAT species

 ROOH with different HAT capabilities

N N
(-/\Cu”’o\ —R (-,\Cu“’o. .
N O ——> N ; Cu(ll)-0 for HAT or O-radical for HAT?
L._C—H L._C—H
* O/ R
HAT Cage escape Oxidation of solvent
(productive) (non-productive) or external substrates
B-scission

(non-productive)

Productive vs. non-productive pathways
Dependence on RO-. : Dependence on C-H:

CumO-, tBuO+ << HO- S1: methyl  S§2: methylene
Stronger oxidant: higher yields Weaker C—H bond: higher yields

39
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Experimental & spectral validation

Question: O-0O cleavage mechanism & the HAT species

» External substrate to test cage escape of radical Yield $1-OH + C-OH nomotecutan (%)
0 20 40 60 80 100

None B S7-OH
cyclohexane 0, Al K1
| 1,2-cis-DMCH A2 W A3

None

» cyclohexane

H,0,
—1-2'“8'0"*‘0“] S1: primary C—H

OH 0
C N\ OXid?‘nt C N cyclohexane tBuOOH
N-© '—NCCH; | &p N + + s 1,2-cis-DMCH
None
(_,C_H (_,C—Oﬂl A1 K1 cyclohexane ] CumOOH
"""""""""""""""""""""""""""" e 1,2-cis-DMCH
Me OH
: HO, Me
CN\ ! NCCH Me Dgédfgt CN ~ Me ’,' Me Yield S2-OH + C'OH(Inhn'nolacular] (0/")
N~ u= 3 + —»\N + + 0 20 40 60 80 100
Me None B S2-0H
LC—H 1.2-cis-DMCH (-'C—C'Hl A2 A3 cyclohexane | O, A1 K1
|1,2-cis-DMCH A2 o A3

None

| cyclohexane

. H;0,
formed only through escaped RO 2o ONCH ] S2: secondary C-H

None
cyclohexane ] tBuOOH
N 1,2-¢is-DMCH
None
cyclohexane ] CumQOH
e 1,2-cis-DMCH
40
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Experimental & spectral validation

Question: O-0O cleavage mechanism & the HAT species

» External substrate to test cage escape of radical Yield $1-OH + C-OH nomotecutan (%)
0 20 40 60 80 100
I s1-OH
Al K1

A2 W A3

None

1 cyclohexane ] H,0,
R 2 cls DMCH S1: primary C-H

] tBuOOH

cyclohexane

o 1,2-cis-DMCH

None
cyclohexane CumOOH
e 1,2-cis-DMCH

lower yield & more cage escape w/

harder-to-HAT alcohol radicals Yield S2-OH + C-OH jyemotecutan) (%)
0 20 40 60 80 100

None B S2-0H
cyclohexane | O, Al K1

| 1,2-cis-DMCH A2 Em A3

None

| cyclohexane

-1,2_C,S_DMCH] " 82: secondary C—H

None
cyclohexane tBuOOH
e 1,2-cis-DMCH

None
cyclohexane ] CumOQOOH
P 1,2-cis-DMCH
41
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Experimental & spectral validation

Question: O-0O cleavage mechanism & the HAT species

» External substrate to test cage escape of radical Yield $1-OH + C-OH nomotecutan (%)
0 20 40 60 80 100
I s1-OH
Al K1

A2 W A3

None

1 cyclohexane ] H,0,
R 2 cls DMCH S1: primary C-H

] tBuOOH

cyclohexane

o 1,2-cis-DMCH

None
cyclohexane ] CumOOH

e 1,2-cis-DMCH

lower yield & more cage escape w/

harder-to-HAT primary C—-H Yield $2-0H + C-OHemolecuian) (%)
0 20 40 60 80 100

None B S2-0H
cyclohexane | O, Al K1

| 1,2-cis-DMCH A2 Em A3

None

| cyclohexane

-1,2_C,S_DMCH] " 82: secondary C—H

None
cyclohexane ] tBuOOH
I 1,2-¢is-DMCH
None
cyclohexane ] CumOQOOH
e 1,2-cis-DMCH
42
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Experimental & spectral validation

Question: O-0O cleavage mechanism & the HAT species

» External substrate to test cage escape of radical Yield $1-OH + C-OH nomotecutan (%)
0 20 40 60 80 100

None I S1-OH
cyclohexane 0, A1 K1
| 1,2-cis-DMCH A2 Em A3

None

» cyclohexane ] H,0,
R 2 cls DMCH S1: primary C-H

1 cyclohexane ]rBUOOH

o 1,2-cis-DMCH

None
cyclohexane ] CumOOH

e 1,2-cis-DMCH

lower yield & more cage escape w/

harder-to-HAT primary C—-H Yield $2-0H + C-OHemolecuian) (%)
0 20 40 60 80 100

None B S2-OH
cyclohexane | O, Al K1

| 1,2-cis-DMCH A2 Em A3

None

An OH or OR radical is the HAT species.

| cyclohexane

-1,2_C,S_DMCH] " 82: secondary C—H

1 cyclohexane ] tBuOOH
W 1,2-¢is-DMCH
None
cyclohexane ] CumOQOOH
e 1,2-cis-DMCH
43
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Improved condition

peroxide, solvent;

[Cu] salt,

sat. Na,EDTA (aq)

» Scope: isolated yield (NMR yield), previous best condition given

HO 93% (99%); 80% @ gram scale 70%
. 1 . o / . ) 1

Entry  [Cu] salt? Peroxide® Solvent? &Tn% :;f)lg D(I;LE)A prev: 90% (Baran, CU') prev: 64% (Baran, Cu")

1 Cu(QTf), H,0, acetone a0 57 25

2 Cu(OAc)>'H0O H>05 acetone 90 25 49

3 CUC|2'2H20 H20z acetone a0 0 98

4  Cu(NO3),-3H,0 H.05 acetone 90 77 9

5 Cu(NO3z)>3H,0O TBHP acetone 120 0 100

6 Cu(NO3)»3H,O  TBHP/Et;N acetone 120 3.8 64

7 Cu(NO3),-3H,0 lauroyl peroxide acetone 120 O 86

8 Cu(NO3);3H,0 cumyl peroxide acetone 120 0 59 o o .

9  Cu(NOg),-3H,0 H,0, acetone/MeOH 90 87 13 82% 81% (95%)

10 Cu(NOj),-3H,0 H,0, CH.Cl, 90 42 0 prev: 80% (Baran, Cu') prev: 52% (Baran, Cu')

11 CU(N03)2'3H20 H202 THF a0 99 1

12 CU(NOa)Q‘SHzO H202 1,4-dioxane 90 87 4

All: 1.1 eq. [Cu], 5.0 eq. [O], 0.2 M, r.t.

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

74% (81%) (extra [O] & elevated temp)
prev: 94% (Baran, Cu')

OH
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Or is it the whole picture?

The ‘harder’ S1: reacted at 0°C The ‘easier’ S2: reacted at -40°C
®
® N
Me Me —l Me Me /__—_.
H,0, . OH N
acetone Reaction workup . H,0, Me A
\ Intermediates acetone Reaction workup
" N N — | Intermediates
/ OH
HiceN ~N7 N7\
. - HO
S1-Cu S1-OH $2-0H
80 1 80
4 300 4
0.6 1300s | S 16 S2-OH
, $1-OH i
~60 1 | SI— ~60 1 S
04 - § P el 1.2 - § .
¥ L o
: 80 4 : Qa04?
So.2 - o P! Sos - 047
3 ' 3 :
.;-’ : AAbS.’.D.’n'n g
0 - 20 1 0.4 1 20 A
AADbSgs, 5500m X 3 I
| I
02 +—— . . o L— : , 0 . , . 0 , , ,
0 1000 2000 3000 0 1000 2000 3000 @ oD 200G B00 0 1000 2000 3000
Time (s) Time (s) Time (s) Time (s)
45
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Or is it the whole picture?

The ‘harder’ S1: reacted at 0°C The ‘easier’ S2: reacted at -40°C
®
®
Me Me —l Me Me - /.-—-'\
H>0, . OH N
acetone I tRean'or; workup . H,0, M A
\ ntermediates t Reaction workup
B -t =" |ntermediates ]—>
/
HceN- SN\ N\ .
. e HO
S1-Cu' S1-OH S2-0H
80 h 80 -
0.6 1300s 300 s 16 S2-OH
S1-OH indl
SR e ) .60 1 [ 2
0.4 - el 12 § .Aﬁ
' . . . . E *
g ¢ Similar time scale of curve despite | 3, {°*
0.2 ) ;
; vastly different temperatures
0 1 : 0.4 - —
AADS55 s500m X 3 |
| I
-0.2 : T T 1 0 : T T \ 0 : T ' 0 -+ T T 1
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Time (s) Time (s) Time (s) Time (s)
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Or is it the whole picture?

However...
Yield dependence on temperature o ) ) )
Peroxides formation - Solvent oxidation Kinetic analysis (UV-vis vs. Yield)
| oH+/e- Homolytic H- Radical
O-0 bond cleavage abstraction Rebound
N N solv. 03 N H.0 N
. 0] . g 2 .
CN,CU'-NCCH3—2r CN.CU'[-O LA)—CN.CI-I”-SQIV. :2‘ CN.CU"°0 (-N cu'0 — C .Cu'-0 —p C CU"
C Cow & C Com ™ 4 Cogo™ Lo (oo
”
C-H C-H C-H C-H C-H Cc
A B C D E F G
1 ! 1 ! LCu'(OOR) Formation of RO- Radical formation  Stoichiometry
LCuw/L ,Cu + Cu equilibria intermediates )pecies (intermolecular (radical trap (Yields >50%)
0.5 L,Cu'+ 0.5 Cu' 0.5 L,Cul +0.5 Cu characterization oxidations) experiments)

It is reasonable to assume
that this is the RDS.

But the decomposition of LCu"-OOH should not be so dramatically influenced by some ligand C-H bond

47
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Or is it the whole picture?

However...
o So maybe also operative... Vevis vs. Vield)
H- Radical
straction Rebound
N N N N
- 0 3 — — 5 5
CN,CU'-NCCHs o CN.CU"-O i > CN.CU"'O — CN.CU‘"
C Ceomn Ce Cer®
C-H C-H C Cc
A B F G
1 f H-- \ N Radical formation  Stoichiometry
LCuw/L ,Cu + Cu equi ' / r (radical trap (Yields >50%)
0.5L,Cu'+0.5 Cu' /é ®Cu” experiments)
S~eq”
H e \ \N /4 \
S —
But the decomposition o )y some ligand C-H bond

48
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(Amine, Imine) directing systems

>

e
Jo

N Cu(MeCN),OTf
C[ O,, acetone
H

Et,N H

in a real [Cu,0,] case, extra reductant (ascorbate)
or Cu'/H,0, systems stop working

Schindler, S. et al. Chem Eur J 2018, 24 (58), 15543-15549; Eur J Inorg Chem 2021, 2021 (20), 1961-1970.

Cu' or Cu"

H
N \
/4 H N‘> H,O, as oxidant
H

absorbance

1.0

nearly 50% conversion

0.8

0.6

0.0

absorbance

0.8
0.6
0.4
0.2

0.0 T T T T
0 5 10 15 20

time (s)

Peaks @ 405

wavelength (nm)

& 490 nm



Outline

* Application
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Selected Applications in TotSyn

* (+) phainoid A (Dong, 2023) - ent-trachylobane diterpenoids (Magauer, 2022)

Me — Mn(OAc);'2H,0
Xl Cu(OAC),H,0 11 steps
o
o EtOH, rt, 50% cyclase phase
e
COOEt
HoN z

NN
toluene, reflux

Me  1.Cu(NO,),-3H,0
H,0,, THF, 50°C
2. Ac,0, DMAP, py, rt

-€
€

then Cu(NO3),3H,0
H202, THF, rt
81%

32% over 2 steps

late stage oxidation

Dong, G. et al. J. Am. Chem. Soc. 2023, 145 (8), 4828—4852.
Magauer, T. et al. Angew. Chem. Int. Ed. 2022, 61 (3), e202113829.
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Thank you for your attention!

Questions are welcome



Backup Slides



Discovery

 SP: chlorination;  Additional Stereochem
* require CI- (from basic DCM or added chloride) « e: using Cu(OTf)(toluene) instead of Cu(MeCN),PF,

Py
OH_ NJ
12 17
13
H
H ,
34 % (method A)
6 % (method B)
7 8
X=0H,Cl binCH,Cl;: 25% 19 %
b in acetone: 35 % -
8 +
&
’ 10
9 19 % 7%

binCH,Cl;: 38 % 14 %

b in acetone: 50 %

54
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Experimental & spectral validation

Question: prove a radical mechanism

A. Fate of various radical species.

N _ N N
(-N"CU' —NCCH,4 oxidant, 20 °C > C + C

(- acetone/ CCl3Br or CCl, C C
C-H C-OH C-X

e ol
X RG escape patha path b
0, x* 1 ‘

N, N H N, O (
CN,Cu" H,0, N,\Cu'l 6 CN,Cu" 'II CN,\Cu" path a
—_— 0-Y —» o —>
Ce-n Coon Coon © (-c'\,’f
path b

Claim: Extra halogenation w/S1 than S2 due to more peroxide
undergoing cage escape and reacting with solvent

Garcia-Bosch, I. et al. J. Org. Chem. 2017, 82 (15), 7887—7904.

Yield C-OH + C-X (%)

0 20 40 60 80 100
None = S1-OH
0, m S1-X
None
CCl, H,0,
CCI,Br
None
ccCl, tBuOOH
CCl,Br
None
CCl, CumOOH
CCl,Br
Yield C-OH + C-X (%)

0 20 40 60 80 100

ccl,

None = S2-0OH
0,  S2-X

None
CCl, H,0,

CCl Br

None
BuOOH

CCl,Br ]

None

CCl, ‘ CumOOH

CCl,Br

55



Other reactivities

H,‘,- 0 Hv
PN I.DG-NH;  Oxidation
/—\w | . | P ii. Cu'fH,0, products
Hf‘:\_’ .\ /N(-‘Pr)z HB ; ';'iu\lll\l JPF :— \ jpr x OMe
o =
\ I
Q H;_.N/_(Nt'> NHz N
0y NQ NGPr), I N(Pr| + onr
B R A

X=Me 0O | 63 | 0 | 47 7219 0 19

/_\ N(.-Pr)z
U SOH /—/

HQ =N NP2 - Hy0 =N__ X=F 0 7| 0 |24
G e

X=CF; | 0 |8 | 0 |14

81 7 0 | 12

80 | 9 0N

Scheme 5. Proposed mechanism for 3-hydroxylation of 9 with copper(ll).

Figure 9. Comparison of the regioselectivity observed in the Cu-
directed hydroxylation of unsymmetrical benzophenones using 2-
picolylamine or 2-(2-aminoethyl)pyridine as directing groups.
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Chirality

Substrate-ligand

Oxidation conditions screened

0
o OH
{(a) 2.3 equiv. [Cu{MeCN);]OTf, O, solv., 4h, r.t. « .OH u?
- or
(b} 1 equiv. [Cu{MeCN),]JOTf, 6 equiv. H,0,, solv., 1h, r.t.
{c) 1 equiv. Cu(OTf),, 6 equiv. H,O5, salv., 1h, r.t. P1 P2
solvent screened: MeOH, DCM, THF, Acetone, MeCN, HFIP

—O

CI
NH, _S4702

‘ 5 Cu'y HzOz

yield: 36%

el amine-imine: good er, inherently limited yield
(0]
OH
yield: 64% [ pyridine-imine: poor er, potentially higher yield
er: 72:28
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