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Background

A) Oxidative HAT: X« too weak to break strong N-H bonds B) Reductive HAT: M-H too strong to form weak O-H bonds
Q o 0 0 AGO7 = +25 kealimol oM
) ey AT Gy e @ T - @ 7
Me f:l Me N Ph Me PR * " Me
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M-H BDFE O-H BDFE
N-H BDFE X-H BDFE 1 _ 4
~110 keal mol! ~95 kcal mol” >50 keal mol 26 keal mol
C) BDFEs from Some Organic Functional Groups D) Representative MS-PCET approach to bond activation
-
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AC::?LME ~105 keal mok! Me + Generation of reactive radical intermediates

* Provides wide thermodynamic range for bond activation

o O—H BDFE o = H-bending provides a potential for selective catalysis

Ketones
|
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Proton-Coupled
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* Catalytic generation of reactive free radicals

* Photochemical and electrochemical approaches



Background

A) Conventional BOFE of an E=H bond:

BDFE
EH ——— = Ee He
EH — e L 2T
% e |C.

E—H Bond BDFE (kcal mol™) = 1,37 pk, (E—H) + 23.06 E°(E'/ET) + C, (1)

C) Oxidative MS-PCET reaction thermodynamics:

E-H + Basae + Dﬂdanta M- E+ + Base—H + Oxidant

AG%cer (keal mol’) = BDFE, — Effective BDFE punan pase-H ) (3}
B) Effective BDFE of a MS-PCET reductant / acid pair:

Effective BDFE & O
Reductant AcidH ——'° " _  Reductant  Acid  He

Reductant  Acid—H Reductant A:ide Hlla
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fg‘ojrfi;. & = Cﬂ
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Reductant Acid He+

Effective BOFE (kcal moF') = 1.37 pk, (Acid—H) + 23.06 £°(Reductant'/Reductant) + C, (2)



Background

Oxidative Multisite-PCET Pairs

Oxidant Base
[Fe'"(bpy)a]** pyridine
“[Ru{bpy)s]2* acetate
“[Ru"(bpz)4]** lutidine

‘I (dF(CF3)ppy)zibpy)]”  DMAP

*1-cyanonapthalene lutidine

Reductive Multisite-PCET Pairs

Reductant Acid
Cp.Co PhCO:H
Cp*:Co lutidinium

[Rulibpy)al* pyridinium

[Ru'{bpy)s]* p-TsOH

“Irlppy)s (PhO),PO;H

Eyz (V)
+0.70
+0.39
+1.07
+1.04

+1.50

Eiz (V)
-1.34
-1.47
-1.71
—-1.71

-2.11

PKa
12.5
23.5
14.1
18

141

Pk,
21.5
141
12.5
B.6

13

Effective BEDFE

ar

06

100

103

110

Effective BDFE

54

40

33

27

24



g Background

A) PCET Reaction Pathways

= & PT
E-H + B + O
Concerted
ET PCET
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reaction coordinate 8



Background

H-0 H B-H ‘O H
(‘\_) Multisite .
ET
PCET -
03 O & O O © O
BDFE (C- H|1 BDFE (O-H
~ 93 kecal mol” ~ 105 kcal mal™!
Good H-Bond Donor

Poor H-Bond Donor

» Hydrogen bonding selects for MS-PCET with polar bonds

+ Enables contra-thermodynamic selectivity in bond homolysis

®
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Me Me " Me
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formation
unbound ketone H-bonded ketone
]
K+HB K-—-H-B *K-H---B
k 4G Hpong
]
2
o
@

1 EPCETERAPE(R I N REZE

*K-H---B

H-bond
dissociation

unbonded ketyl

*K-H +Be
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Background

A) Photocatalytic Oxidative Quenching:

}‘ @ Substrate
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ET .
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— - - .
Intermediate = --~ Transformation

B) Photocatalytic Reductive Quenching:
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Chart 1. Structures of Photocatalysts Discussed in This Review”

Ruthenium:

Iridivm:

[Ruibpy)sl(PFgl; ([Ru-1]{FFg)z)

T (P&l
| ‘W‘n
ij)%’hl
Np‘

[Ru{bpz)3](PFglz ([Ru-Z](PFg)z)

Ir{ppy)s (Ir-1) Ir{dFppy)s (Ir-2) [Ir(ppy)z(dibbpy)]PFg ([Ir-3]PFg)

PR L

M
IrIII i !r | '
Fat

[IF(dF(CF3)ppy)al4.4'-d(CF)bpy)]PFe ((Ir-8]PFg)  [IN(dF(CF)ppy)a(5.5°-d(CF4)bpy)]PFg ([Ir-9]PFg)

[INdF{CF3)ppyla(dibbpy)|PF; ([Ir-6]PFg)  (IMdF(CFa)ppyz(bpy)]PFg (Ir-TPFg)

Fluorescein:
(8]
Pg
Br [ i BEr
HO Q OH
Br Br
Easin ¥ (EY)

Fluorescein (Fl)

Acridine- and Phenothiazine-derived:

Me —l CHOy or BF Ma

Me

" er, “ers

e

D”"g"ﬁm

Ma M
gy e ISPS!
, N B Megh g% NMe,
Me Ph -gu @
Eosin B (EB) N-Me Mes-Acr” ([Acr-1]C10,) N-Ph Mes-Meg-Acr® ([Acr-Z]BF;) N-Ph Mes-t-Bug-Acr” ([Acr-3]BF,) Methylene Blue® {[MBJCI)
([Acr-1]BF,)
cl ol
Cyanoarene:
o
Cz MPh; MNPh; NP R
.G 2 [ NC CN NC CN NG CN F F NC. N A/ OMe
280 X
HO o OH Cz Cz FhzN NFh; Ph;N NPh; FhyN NFh, Ne” N || S; OMe
I | Cz NP F CN
Rose bengal (RB) 4CzIPN 4DPAIPN JDPAFIPN IDPAZFBN DeZ

Cz = M-Carbazolyl

“Photocatalysts are separated into subclasses of ruthenium, iridium, fluorescein, acridine, and cyanoarene-based structures.



Table 1. Ground-State and Excited-State Redox Potentials for Photocatalysts Discussed in This Review

grcund—state redox potentials

excited-state redox potentials

photocatalyst E°, (PC*/PC)* E°_,(PC/PC™)* E°, (PC*/*PC)" E°_,(*PC/PC)“

Ru(bpy),](PE,), ([Ru-1](PE,),) +0.88"54 —1.715% —1.19%4 +0.397%4
[ ( PY /)3 &/2 62
Ru(bpz),](PFy), ([Ru-2](PF),) +1.48" —1.18" —0.64"5 +1.07565
[ ( PZ)y 6l2 62
Ir(ppy); (Ir-1) +0.39"5¢ —2.5706¢ —2.115% —0.07"%¢
Ir(dFppy); (Ir-2) +0.69°7 -2.51% —1.82%7 0.00%"
Ir dtbbpy)|PF, ([Ir-3]PF,) +0.83"* —1.89"" —1.34"%% +0.28""
[1r(ppy).(dtbbpy) |PE, s
[1r(ppy).(bpy) | PE, ([Ir-4]PF,) +0.87"% —2.43"% —1.79"* +0.23"%¢

ppY)2(bpy
Ir(dF(Me)ppy),(dtbbpy) |PF, ([Ir-5]PE,) +1.117% —1.81"% —1.30"%* +0.59"°"
[1x( ppy)2(dtbbpy) |PF, 6
Ir(dF(CF,)ppy),(dtbbpy) |PF, ([Ir-6]PF,) +1.3174% —1.75"% —1.59%4% +0.5174%
[1r( 3)PPY): y)IPE, s
[1r(dF(CF,)ppy),(bpy)|PE, ([Ir-7]PE,) +1.387° —1.64™ -1.30" +1.04""
[1r(dF(CEF,)ppy),(4,4"-d(CFE,)bpy) |PE, ([Ir-8]PF,) +1.55% —1.18%" —0.89% +1.27%
Ir(dF(CF;)ppy).(5,5'-d(CF;)bpy) |PE, ([1r-9]PE;) +1.56" -1.07" -0.81% +1.30"
[1r( 3)ppY)a(S, 3)bpy) |PE, 6
FEosin Y (EY:I - _ 1‘4_4IJ|_:.'J"F'] _1.49!i,1.','?1 +ﬂ‘45brcr"}']
fluorescein (F1) - —1.60""" —1.64"7* +0.367""
rose bengal (RB) - —1.34"57 —1.40%472 +0.47547
N-Me Mes-Acr"ClO,” and N-Me Mes-Acr*BF,~ -0.93"7 - +1.70°/+1.50%"737
([Acr-1]ClO, and ([Acr-1]BE,)
N-Ph Mes-Me,-Acr* ([Acr-2]BE,) - —0.96"7 - +1.71%7
N-Ph Mes-t-Bu,-Acr* ([Acr-3]BF,) - -0.97"7¢ - +1.70"7¢
methylene blue*CI~ ([MB]CI) +0.750045 —0.687/%° —1.119/—1.0650/4 +1.189 /4 1.2250/45
4CzIPN +1.11%77 —1.59"7 —1.56""" +0.97"7
4DPAIPN +0.65"" -2.03"7 ~1.90"7 +0.52"7
JDPAFIPN +0.92577 —1.97578 —1.76"77 407207
3DPA2FBN +0.86"477 -2.30"¢77 —1.98"77 +0.547&77
DPZ +0.99"<5 —1.837e8! —1.55"% +0.53"&*!

“Potentials measured in V vs Fc*/Fc and measured in MeCN unless indicated. bConverted to Fc*/Fc from the reference electrode used in the
original report according to Addison and co-workers.”* “Measured in 1:1 MeCN:H,0. 9From the singlet excited state. “From the triplet excited
state. "Measured in H,0. #Measured in CH,CL. =



Background
I

! |

Direct electrolysis
Substrate H*
ET
+=
Substrate +1/2 H;
Mediated electrolysis
@ Substrate H*
ET ET
@ Substrate ' +1/2 Hy
Anode Cathode

Figure 8. General schemes for substrate activation through direct and
mediated electrolysis.



Reduction

Kinetic Advantages of Proton-Coupled Electron Transfer

A =

enargy

reaction coordinate

PCET

reductive

PCET

NHR

g

Ketyl-Olefin Cyclizations

Mn
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Reduction PCET---Ketyl-Olefin

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Catalytic Ketyl-Olefin Cyclizations Enabled by Proton-Coupled
Electron Transfer
Kyle T. Tarantino, Peng Liu, and Robert R. Knowles™

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

Kinetic Advantages of Proton-Coupled Electron Transfer
Synthetic Application: Catalytic Ketyl-Olefin Couplings

A .
H redox catalyst H
! ° Bronsted acid catalyst .
stoichiometric reductant

energy

g

reaction coordinate



M H-X ————  Mn Xe Hae

H=X ®E
PT _H
o] [#)
K g (PCET) /]\
Ph Me e IR Ph* " "Me
NE (w w

‘BDFE' in MeCM (kcal/mol)=

O-H BDFE ~ 26 keal/mol
2.3RT pK,(HX) + 23.06 E4(M") + 54.9

Table 1. Optimization of the Ketyl-Olefin Coupling®

2 mol3% redox cat. d

P j\/wctwe Smolfoscdeat =<;I:> MDJE:'"Q
1.5 equiv. HEH En PH
1 0.05M THF
visible fiv, 1, 4 hr z 3
entry acid catalyst redox catalyst ‘BDFE" % yield 2:3
1 none Ru(bpy),(BAr), - 0 -
2 BzOH Ru(bpy);(BAr"), 45 0 -
3 NEt,-HBF, Ru(bpy),(BAr), 41 0 -
4 lutidine-HBF, Ru(bpy),(BAr"), 35 0 -
5 (PhO),PO,H Ru(bpy),(BAr"), 33 78 4.6:1
6 pTSA Ru(bpy);(BAr"), 27 74 4.3:1
7 (PhO),PO,H  Ir(ppy).(dtbpy)PF, 29 93 4.8:1
8 (PhO),PO,H fac-Ir(ppy), 24 92 4.8:1
9 lutidine-HBF,  Ir(ppy),(dtbpy)PF, 31 74 4.9:1
10  (PhO),PO,H Ru(bpy);(BArF), 33 89 10:1

Figure 2. Thermodynamic cycle for determination of formal BD “Yields and isomeric ratios were determined by GC analysis of crude
values and application to ketyl PCET.

reaction mixtures relative to calibrated internal standards. Visible light
irradiation was provided by 26 W fluorescent lamps. Formal BDFE
values (‘BDFE’) calculated using the thermodynamic cycle presented
in Figure 2 from pK, and potential data in MeCN. For details, see
Supporting Information. "BT used in place of HEH.

16



Table 2. Substrate Scope of the Ketyl-Olefin Coupling®

o 2 mol% Ru(bpy);(BArF) H
. )vawmzﬁ 5 mol% (PhO),PO,H

S>7 1.5 equiv. BT
y Fh BT 0.05M THF
H

visible hv, it

entry substrate products i

1

H
,, D =D
s 11:1
Q O,
H

48:1
s QO
T oo Shutio,
3 N\ COMe o ’ A $0%
: 3.4:1
, s O
H

78%

12:1
11 12

" H MQOZC/." [ :0
2 O)k/o\/\/com o=©::/\o < 8%
: g
H

(cis:trans)

10

H
Ozmx ROLC” .,:x
- [ L) 3
Ar AT
cis trans

H

o, k MeOsC—".,
COMe H
H H
16 1

7 18
[s] Me, 0 Ms,. H
Me ’ o
- \
COMe H COMe
19 20 21
H
G C(jﬁ @% h
Me " " CcoMe
Co
COMe
22 23 24
(o] -0,
HO™7 <
2 Ng 26 My
[+]
Ph
Me: 29
MeQr 28

82%°
16:1°

68%
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Scheme 1. Proposed Catalytic Cycle

electron
transfer

HEH*
Em?‘:ﬁco‘ﬁt o COMe
Ma N" Me Ru'(bpy)s "‘H\ijh Ste n —VOI mer.
1
poron proonoupes BRI R R R
E10.C N COE transfer electron transfer N Q ﬁ'
OGN FlBl 2> BO— Rkt
Me I‘i.l Me Au'(bpy)s COMe X
H  Ho~_Pn
Ru'l{bpy),
hv electron C-C bond
transfer formation

H. DR _FEREIFK .

H MeO,C Eh OH mu
Et0,C cogt Ox H-atom ' Ru'(bpyls Kl E—1 22 + 002
2 | ' | transfer o
x
Me” TN” "Me W
H
H. H
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Reduction PCET---Aza-Pinacol Cyclization

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Enantioselective Photoredox Catalysis Enabled by Proton-Coupled
Electron Transfer: Development of an Asymmetric Aza-Pinacol
Cyclization

Lydia J. Rono, Hatice G. Yayla, David Y. Wang, Michael F. Armstrong, and Robert R. Knowles*

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

Proposal: Catalytic Asymmetric Aza-Pinacol Cyclizations

0 photoredox catalyst HO NHR
W zﬂﬁ ~a~ 0R o] chiral acid catalyst
w-.. - \QFI proton-coupled \G )k/\/\/N > Arrie
)JL electron transfer /J\ R Ar Z 7 g stoich. reductant
Ph hie = Ph Ma
Irt | \|r_ID
. ot o\
Can H-bonded complexes of neutral ketyl radicals control 4 ; ~OR
enantioselectivity in subsequent bond forming steps? #}\N

FHEBHR O] BE R EIX L N BB AT FRIZEE

19



Table 1. Asymmetric Aza-Pinacol Optimization Studies”

5 mol% Irppy).(dtbpy)PFg HO,  NHMMes

a 10 mol% acid cat. -
)JWVN -
Ph “NMe, 1.5 equiv. HEH

. - NHNMe HO, NHNMe; NHNMe
0.05 M slvent @ zj eo@.b _Q b
1 visible v, rt, 12 hr 2
entry acid catalyst solvent % yield % ee
. (PhO),PO,H THE o1 a 28 83%, 93% ee 11 86%, 94% ee 12 58%, 90% ee
2 3 THEF 89 0 Me
3 4 THE 84 30 HO NHNMe. @ NHNMe; NHNMe,
4 5 THF 96 58 Q 6 b b
5 6 THF 80 68 Me
6 7 THF 84 82 13 63%, 94% ee 14 78%, 90% ee 15 81%, 95% ee
7 8 THEF 92 89
8 9 THF 90 0 NHNMe, HQ, NHNMe; Br. HO, NHNMe,
9 10 THEF 85 0 b m ‘ 2:5 T}b
10 8 DME 90 88
1 8 CeHs 30 86 16 96%, 94% ee 17 53%, 82% ee 18 69%, 85% ee
12 8 CH,CL, 99 88
13 8 MeCN 77 81 HQ,  NHNMe, NHNMe; NHNMe
14 8 dioxane 94 92 O " 213 b
157 8 dioxane 90 02 e
“Optimization reactions performed on 0.05 mmol scale. Yields and e 19 78%,M950% o 20° 85%, 83% 66 S

determinations obtained by chiral GC analysis. Visible light 1rrad.tatlm
provided by 26-W fluorescent lamps unless otherwise noted. bReactior

irradiated by blue LEDs for 3 h at rt using 2 mol % of the Hcl)' NHNMe, @H?_ NHNMe;
photocatalyst. ej U

R 3 R=H

Ge 4 R = 2-naphthyl Q o 229 45%, 91% ee 232 71%, 77% ee
°~. 5 R = Mesityl P\
g \OH 6 R =2,4,6-PrsCgHs
gg 7 R = PrySi 9R-= Fh
R 8 R =Ph,Si 10 R = 2-naphthyl

20



Scheme 1. Proposed Catalytic Cycle

HEH

electron (ppy)s(ctbpy)
r''(ppy)(dtopy
—_— transfer
O
EtO,C - COaE!
Ph
N
o H-OP(O)(OR), N nwve,
N Ir'(ppy)o(dtbpy) H
1
proton PCET
B0, CO! transfer @0\\ _OR
[}
® .07
| e ©OPO)(OR), N o
) Ir"(ppy)a(dtbpy) Ir''(ppy) o(dtbpy)
Ph
NMeg
H
hv electron C-C bond
transfer formation
©OP(0)(OR), H. O on
2 (o] “O~
y I'(ppy)2(dtbpy) # SOR
H-atom Ph ©
EtOijl\).IcozEt transfer ““NMe, '"(Ppy)(dtopy)
H
Me N Me
H
H. H
EtO,C CO,Et
HQ, NHNMe, b 2 =
Phise | I
Me ﬁ Me
2
HEH
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DFT

Table 3. DFT Evaluation of Ketyl-phosphate H-Bonding

Gy, 0P O OPh 0y .0Ph Oy, 0P
“H_,o’ “orn Hf__O; “oph HF__Q;P“QPN H“'Oc; “~oen
o o 2 a”
F'h"JLMB FhA‘\ME Phiﬂn P'IAU
A 8 c ]
d OH--O O-H Mulliken charge
alb a a
complex AEjy ;04" (A) pK.(MeCN) (H)
A —9.2 1.642 13 0.39
B —144 1.629 20 0.59 Figure S1. Product 2 ee vs ee of the catalyst 8
C —-104 1.737 ~38° 0.51 i
D —-126 1.551 21.5 0.60 _—
y=0.
% R? =0.9986 /
80
70
60

ee of product 50

40
30
20
L 2
10
0¥
0 20 40 60 80 100 120

ee of catalyst
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Oxidation PCET---Amine

e-

/’\ oxidative

M? R—H---B° ——— Re---H—B M

PCET
X/

H+

Oq-'o CO,Me
N o=
0 Ph’ Zj‘wh
RJ'LNN\QR
H

RII
Alkylation of remote C-H bonds

Ve

Alkene Carboaminations

Oxidative PECT

Ar
\rLR] t)_(..m
1 R,
R HsC

' 1
O %8
87
0‘\ ’,O H R1’ N

Intermolecular Hydroaminations

CH;

Anti-Markovnikov Hydroamination
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Oxidation PCET---Alkene Carboaminations

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Catalytic Alkene Carboaminations Enabled by Oxidative Proton-
Coupled Electron Transfer
Gilbert J. Choi and Robert R. Knowles*

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

Catalytic Alkene Carboamination Enabled by PCET
Oxidative PCET Activation of Amide N-H Bonds |
r(lll) redox cat.

o] R, Ar R3
= 0 !
e AFMNJ\/\#)\H = Phosphate base - T}{/
2 -
m concerted Ar, y e o R, 2
pAn TM=H====-1B0 ———— = a1 “hw H=B visible hv
,:,=< k\ Y, PCET D=<
R H* R
PCET 2 R
M-H BDFE for N-aryl amide ~ 100 kcal/mal N“@J\/\}\Rz

PCET 'BDFE' (kcal/mol) = 1.37 pK,(H-B) + 23.06 E(M") + C_,,

Figure 1. PCET activation of amide N—H bonds and application to the
development of a catalytic protocol for alkene carboamination.

eI RN -SERARAIN - H5E, AZRESC-HAS 24



Table 1. Reaction Optimization®

3 mol% photocatalyst

Entry

G0 -~ O th b W a2 =

L TR N =

16
17
18
19
20

Q g 25 mol% Brensted base
-
3.0 equiv. methyl acrylate
0.4 M CH.Cl,
1 Blue LEDs, rt, 12 hr
Photocatalyst Base

Ir(ppy)a(phen)PFg NBu,OP(O)(OBu),
Ir(ppy),(phen)PFg lutidine
Ir(Fmppy),(dtbbpy)PF, NBu,OP(O)(OBu),
[r(Fmppy),(dtbbpy)PF lutidine
Ir(Fmppy)-(phen)PF, NBu,OP(O)(OBu),
[r(Fmppy),(phen)PF lutidine
Ir(ppy),(phen)(PFg) DMAP
[r(Fmppy),(dtbbpy)PF, DMAP
Ir(Fmppy)-(phen)PF DMAP
Ir(ppy),(phen)PFg NBu,OBz
Ir(dF(CF;)ppy),(dtbbpy)PF,  NBu,OP(O)(OBu),
Ir(dF(CF;)ppy),(dtbbpy)PF lutidine
Ir(Fmppy),(dtbbpy)PF NBu,OBz
Ir(Fmppy),(phen)PF, NBu,OBz
Ir(dF(CF3)ppy)y(bpy)PFg  NBu,OP(O)(OBu),
Ir(dF(CF53)ppy).(bpy)PFg lutidine
Ir(dF(CF3)ppy),(dtbbpy)PFg DMAP
Ir(dF(CF5)ppy).(bpy)PF¢ DMAP
[r(dF(CF5)ppy),(dtbbpy)PF NBu,OBz
Ir(dF(CF5)ppy)(bpy)PFg NBu,OBz

“BDFE”? Yield (%)

80 0
82 0
82 0
83 0
83 trace
85 0
87 trace
89 0
90 6
92 20
92 76
93 22
93 56
95 35
97 92
98 24
99 34
103 16
104 76
108 50

S

-

“BDFE” values significantly lower
than the strength of the substrate
N-H bond were not successful
catalysts for carboamination

N-arylamide derivatives
(N—H BDFEs ~ 100 kcal/mol)
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Scheme 1. Photocatalytic Alkene Carboamidation of N-Aryl Amides through
Concerted PCET (Knowles, 2015)

3 mol% [Ir-7]PF;

25 mol% n-BuyN*(n-BuO),P(0)0~ o Ar

Q Ry CH,Cly, Blue LEDs, rt Y
1 v 1L N
AF“NJ‘Lxl\fij\Rz + = EWG - KMEWG
H 24 examples g -'R
1.0 equiv. 3.0 equiv. 50-95% Yields i R

X = CH,, O, NRy

0 0 = |
CH -
e T :
22 94% 23 50% 24 78% 25 76%
0 O P
oy CouMe _fOMe o e o~
A 0 . .N-pp
x&/ Y Ph-"" N K \\WDDME MEAK 5
Me Me z E Me O™
1, X =CH,, 95% 3, 86%, d.r. 8:1 4, 82%, d.r. 6:1 5,63%, d.r. >20:1 "COMe

2, X = NMe, 63%

LARIRIRIE
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Proposed Catalytic Cycle

Proposed mechanism:

S
(n-BuO),P(O)O +

Ph co,me

(n-BuO),P(0)OH @ P(0)(On-Bu),
PT Irradiation
O Pn
NJ =) COsMe ME
_ @ oh. f Me
Me Me
H.
C-N bond OP(0)(0On-Bu),
ET ]
formation

C-C bond
CO,Me @ formation

ZCo,Me
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KIE

Variable Amide Conc. Experiments

#nobase Mprotiated w/base A deuterated w/base
5.00
4.50 -
4.00
y=460.35x+1

3.50 R? =0.9908

| y=399.61x+1 o
3.00 R?=0.99374 E%HQ(MECNEF'H/}JPK3332)

S 250 N
m BSBRIREL(SpKaH~20)
1.50
1.00 [# — = X 3 - -
y=-3.2454x + 1

0.50 R?=0.15017
0.00 . - : : .

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

N-Phenylacetamide [M]

Fig. S1. Stern-Volmer plot of [Ir(dF(CF3)ppy)z(bpy)]PFs, NBuy(BuO):PO:, and variable
acetanilide. The error in the slope was calculated (from LINEST analysis) to be 460.3 £ 12.2 for
protiated acetanilide and 399.6 + 8.8 for deuterated acetanilide.

knkp=460.3£12.2/399.6 £8.8=1.15+0.04
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Sterm-Volmer

Variable Base Conc. Experiments

#no amide Mwith amide

y=T73x+1
R?=0.97051

1.5
. 4
1 y=41.108x+1
R? = 0.99591
0.5
0 ; :
0 0.001 0.002 0.003 0.004 0.005

NBu4({0OBu)PO2 [M]

Fig. 52. Stern-Volmer plot of [Ir{dF(CF;)ppy)k(bpy)]PFs, 0.01 M acetanilide, and variable
NBM{BUD}ZPDQ_
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Oxidation PCET---Olefin Hydroamidation

i
ACS AuthorChoice

pubs.acs.org/JACS

JOURMAL OF THE AMERICAN CHEMICAL SOCIETY

Catalytic Olefin Hydroamidation Enabled by Proton-Coupled
Electron Transfer
David C. Miller, Gilbert J. Choi, Hudson S. Orbe, and Robert R. Knowles*
Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States
© Supporting Information

Current methods for amidyl-based hydroamidation This work: catalytic olefin hydroamidation enabled by PCET

Ir'" redox cat.
R, IAr

F 0
o}
AIBN, Bu3SnH N H phosphate base cat. O 1 H
Ris Z 2 A’\N F : o
: N-prefunctionalization, R;Rs ! . H-atom donor cat. 'R,
stoichiometric reductant visible hv

4 equiv. IBX

Ar
THF/DMSO, 90°C O af 4 PCET 2
Ar\NJ\/\/kR > t)_( Ar\NJ\/\/\R
2 "¢ 2
R |
1

stoichiometric oxidant

Previous: IB&EMF Now: S{LERRFIERMGE



Table 1. Optimization Studies”

2 mol% Ir(dF(CF 3)ppy)s(bpy)PF ¢ Ph

20 mol% NBu 4OP(O)(0Bu), N
4 2

10 mol% H-atom donor X
0.3 M CH.Clo =
blue LEDs, rt, 20 hr

2
entry R H-atom donor yield (%)
1 H none 24
[ 2 Me none 0 J
3 H phenol 18
4 H 2,4,6-tBu-phenol 19
5 H 4-aminopyridine 21
6 H diphenyl acetonitrile 28
7 H Ph;SiH 16
(8 H thiophenol 95 |
9 H 2-naphthalenethiol 45
10 H 4-trifluoromethyl thiophenol 86
11 H 2,4,6-iPr-thiophenol 83
change from best
entry R conditions (entry 8) yield (%)
12 H no light
13 H no photocatalyst
14 H no NBu,OP(O) (OBu),
15 Me none 89

“Optimization reactions run on 0.1 mmol scale. Yields determined by
'H NMR analysis of the crude reaction mixture relative to an internal
standard. Irradiation supplied by 4 W blue LED strips.

BEkEg:

RERRIBINE &< ANRIT,
HAmEEEMNEZ A
PCETEUERIEYD, MR
S—-H##(S-H BDFE=<79FFk/
EE/R) LU B AR IR D RIN-H 32
(N-H BDFE~99F-K/E&7R)§5
20F+/EE/R

DFTITEBEN:

B AR ER 2 B R S YIRIAZ AL,
EEiR By R SRR S E
BF5.2Kcal/mol
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Scheme 2. Photocatalytic Alkene Hydroamidation of N-Aryl Amides through

Concerted PCET (Knowles, 2015)

2 mol% [Ir-7]PFq
20 mol% n-BuyN*(n-BuO),P(0)0~

10 mol% PhSH 0 Ar
JOL Ry CH,Cl;, Blue LEDs, rt. S
Ar., -
r N X /\’}\Hz X \‘/\Y H
H 40 examples ™
68-94% Yields R1 Re
X= GHE, 'D_. NR3
0 ]
Ph Ph
N’ ?‘N’
ln O H
Me e Ph 14 85% (90%)d
4 g{}% ? B1ﬂ.'"|;:|ﬂ 1.1 dr{1-.1 dr]d
Ma Me Shde /@/\/OH
(8]
) - K ‘Jj %
x H e
4 36 X = CH, 37 X=0 38 X =CH,
Me  Me 82% 90% 90%

FRRME: NEE D FEBEREE R E ARYIA
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Proposed Catalytic Cycle

Proposed mechanism:
= O Me
(n-BuO)P(O)Q  + PhSH w
I":I Me
H.
®\<’
“OP({0)(On-Bu);

(n-BuO),;P{0)OH

PT lrradrat:nn
PCET 0 Me
PhS©
@ en. A~
H.
ET C-N bond QOP{O)(On-Bu)s
formation

@

0, P b\r
bs' PhSH

N

Me fl".-'le
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Scheme 3. Observed Rate Law for Ir(lll) Luminescence Quenching in a

Model Hydroamidation System (Knowles,2019)

[Ir-7]PFg [Ir-7]PFg
(n-BuO),P(0)0~ (n-BuO),P(0)O~
o JOL Blue light irradiation on JGL 5 Blue light irradiation
NT TMe T "N "Me * PhT H -
* Amide PCET H Thiol PCET
BDFEp_H ~ 99 kcal/mol 1 2 BDFEg_y ~ 79 kcal/mol

Experimental rate law for *Ir(lll) guenching:

d[ir(l)*]

= [amide]'[phosphate]'[thiol]°
dt

DOI: 10.1021/jacs.9b08398
J. Am. Chem. Soc. 2019, 141, 16574—16578

Ph”
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— 217 a=0.10 +0.02
- Ri= 0.74
2
p—
—
9
i. 18 = thiol H-bonded adducts with Ir-|
= w=0.53 +0.03 O thiol H-bonded adducts with r-2
RI: 0.980 L amidc H-bonded adducts w?:h Ir=|
O amide H-bonded adducts with Ir-2
15+
] | 1
=10 0 10

Figure 2.

-AG® pcgr (keal/mol)

Rate-driving force relationships.



Table 1. Kinetic and H-Bonding Equilibrium Data

BDFE‘N—I'LI’E—H (kca.lfmol)ﬁs

98.9
98.9
101.1
101.1
101.6
101.6
100.0
100.0
79.1
79.1
76.9
76.9
84.0
84.0
8L.3
8L.3

N cF
Mﬁ’ﬂhw Ma’u‘w
A h

entry amide/thiol *Ir(I1I)
1 Al Ir-1
2 Al Ir-2
3 Ir-1
4 Ir-2
5 Ir-1
6 A3 Ir-2
7 A4 Ir-1
8 A4 Ir-2
9 T1 Ir-1
10 T1 Ir-2
11 T2 Ir-1
12 T2 Ir-2
13 T3 Ir-1
14 T3 Ir-2
15 T4 Ir-1
16 T4 Ir-2
O O
MBJLN’Ph Me)ll\N
h h
Al A2
SH SH
@l MED/G/
T T2

A3

F

T3

A4

FzC

T4

CF4

SH

Ky (M7")
1050
1050
3550
3550
1390
1390
1500
1500

200
200

Ir-1

[Ir{dF(CF3)ppy)aibpy)IPFg
Eqlir "™y = +0.94 V vs. Fo'iFc

AG® ‘FCET (kcdimﬂ])

kpcer (M_I 5_1)

8.4 8.4 % 10°
10.9 1.1 x 10°
11.3 9.3 x 10*
13.8 6.8 x 107
11.2 9.3 x 10°
13.7 7.5 % 107
9.7 3.0 x 10°
12.2 1.8 x 10°
—12.4 9.5 x 10°
-9.8 3.6 % 10°
—15.6 1.0 x 10"
-13.0 7.0 x 10°
-5.5 4.0 x 10°
-3.0 1.0 % 10°
-3.8 8.3 x 10°
—-6.3 2.2 % 10°

19

t-Bu

t-Bu
Ir-2
[Ir{dF(CF3)ppy)z(dtbpy)]PFy
Eqoiir™ = +0.83 V vs. Fc'iFc
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Table 2. Correlation of Selectivity Factor Q, with Catalytic Reaction Outcomes
Ir{lll) photocatalyst (0.002 M)

X
Me o X NBu,OP(O)(OBu), (0.02 M) 2 _
- KeceT amigel@mide*phosphate],
)wL N Qg =
Me N

SH C koo [thiclsphosphate]
! Y‘E:r 0.02 M) Me e

0.1 M) DCE, blue LED, rt, 12 h "

entry thiol a-;[(“ge *Ir(111) ?ﬁ_ :E ) IER;E}!}* (J;ql:lc_rlrsuﬁ?l} ﬁ‘:lﬂ‘i] Qy % },'ieldb % recover}'b
1 PhSH H Ir-1 84 x 10° 1050 9.5 x 10° 200 96:4 100 0

2 PhSH COMe Ir-1 3.0 x 10° 1500 9.5 x 10° 200 91:9 100 ]

3 PhSH CN Ir-1 9.3 x 10° 3550 9.5 x 10° 200 87:13 100 0

4 PhSH H Ir-2 1.1 % 10° 1050 3.6 x 10° 200 86:14 100 0

5 PhSH COMe Ir-2 1.8 x 10° 1500 3.6 % 10° 200 62:38 80 9

6 PhSH CN Ir-2 6.8 x 107 3550 3.6 x 10° 200 57:43 8 85

7 3,5-(CF,),C¢H,SH H Ir-1 8.4 x 10° 1050 8.3 x 10° 2100 78:22 95 0

8 3,5-(CF,),C¢H,8H H Ir-2 1.1 x 10° 1050 2.2 % 10° 2100 64:36 85 0

9 3,5-(CF,),CH,SH COMe Ir-1 3.0 % 10° 1500 8.3 x 10° 2100 56:44 60 30 |
10 3,5-(CF,),C,H,SH CN Ir-1 9.3 x 10° 3550 8.3 x 10° 2100 47:53 13 62

kpcET amidel 2mide®phosphate]

= o [thiolephosphate]
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Oxidation PCET--- Alkylation

LETTER

Catalytic alkylation of remote C-H bonds enabled

by proton-coupled electron transfer

Gilbert J. Choi', Qilei Zhu'#, David C. Miller'*, Carol I. Gu' & Robert R. Knowles!

a Challenges in catalytic homolysis of strong N-H bonds

o 0
N-H BDFE
~ )I\ e o ~~ J\ cat—(H € Catalytic C-H alkylation enabled by PCET

cat* g T R R N7 TR
-
H

107-110 keal mol™*
Ir photocatalyst

MNo known catalysts for selective homolysis of N-alkyl amide N-H bonds blue LEDs

b Classical Hofmann-Laffle—Freytag reactions

,J'I\ R Ah
n I/\/\[I v
8] R ] R
Y = Y

(o]
-
R ,;,/\/Y
H b
.
Ne HAT N
R R

* No methods for C-C bond formation

o]
PCET Y

N

R
.
(L
R

L 4

* N-functionalization required

o
J "
e
" E/\/\L/ Phosphate base,

8]

A

N
I
H

HAT

—~

R
ot

R

Directed alkylation of remote C-H bonds enabled by amide PCET



Scheme 4. Catalytic alkylation of remote C—H bonds enabled by
proton-coupled electron transfer (Knowles,2016)

. 2 mol% [INdF(CF Jppyl.(5,5'-d(CF JbpylIPF, (E) o
5 mol%e NBu,OP{ONOBL) ,
,J\ H #jfﬁ"“mﬁ 2 z > ,J'I\_ W/E‘J‘JG
L gl 0.2 M PhCF,, blue LEDs, RT Sl :
HoOR R Hoo AR
1.0 equiv. 2.0 aquiv.
o
Me O
Me /l\ o GO Me JL COMe= j\
N7 TPMP JL come 0 N /VYV PMP N GOoMa
MG |!| - 'f 2 [ et - | /v\i/r\u,
H Ma -
H Ma \/ME ‘\"'t-EI»u
. TM%
5 58% 640%, 11 d.r. Ma 8 60%
j\ Me, Me Me O
PMP 7 N - COMe EWG COMe e,
|I.| Mz e T = Ma ,1.-‘5
H Me Me pp
28 29%
1357%
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o FiEIC-HERL

2 mol% [INdF(CF Jppy),(4.4°~d(CF Jbpy)lPF, (D)
5 mol% NBu,OPO)(OBL),

1 equiv. N-athyl-4-methoxybenzamide (28) G0, Me
>
’/’J\GD?ME 0.1 M PhCF, blue LEDs, 60 °C Ph

1.0 equiv. 10 equiv. 30 69%

L

2 mol% [IndFICF Jppy) (4.4 -d(CF Jopy]]PF, (D)
5 mol% NBu,OR(O)0BL),

1 equiv. N-athyl-d4-methaxybenzamide (28) o
< CcoPh H >
o 0.1 M PhCF,, blue LEDs, 80 °C Q Fh
1.0 equiv. 10 auiv. 31 59%
2 mol% [INdFICF Jppy).(4,4°-d(CF)bpy]]PF, (D)
5 mol% NBu,OP(O)(OBL), o
D\ 1 eculv. N-sthyl-4-methexybenzamics (26) M
£ ™ CoPh n~ H > N
) 0.1 M PhCF,, blue LEDs, 60 °C | Ph
Boc Boc
1.0 equiv. 10 eauiby. 32 60%

P FEIC-HERRFER, RRIIE
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hv
PMP N - coMe Mlll}@ PMPJ\N . :
||_| Me Me ||_| Me Me
2 BS 1
Proton Concerted
transfer PCET
H—B i
- 0
H—B

> FMPJ\N/\/Y\/CDME -J\FMP

Ir{m) ) Me I"Me =] H ’{ji ffE \* Ir{u)
. " - Me Me
Wi 7 56 BH 25
Electron Hydrogen-atom
transfer transfer
X
H—B COMe H—B
PMP” N W\_/ Me
Ir) Y Me Me c-Cbond ™ ?W
formation H Me Ir{)

Proposed Catalytic Cycle

pa R =l CIKE

£ CoMe
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Oxidation PCET--- N-Alkyl Amides

L
\
< a a SIS @ Cite This: ACS Catal. 2019, 9, 4502-4507 pubs.acs.org/acscatalysis

PCET-Enabled Olefin Hydroamidation Reactions with N-Alkyl
Amides
Suong T. Nguyen, Qilei Zhu,” and Robert R. Knowles™

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

a) BDFEs of N-=H bonds in common amine derivatives

O O
)iy n X I
Ar.
\rr Q \rlq/ SR R1/\'Il R2
H H H
N-H BDFEs 100 kcal/mol -105 kcal/mol ~110 kcal/mo
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Scheme 5. Catalytic Intramolecular Alkene Hydroamidations of N-Alkyl

Amides (Knowles, 2019)

3 mol% [Ir-9]PF;

5 mol% n-BuyP*(n-BuO):P(0)0~

40 mol¥%: TRIP-SH

10 mol% TRlpsz 9] —~R

i Rz PhF, Blue LEDS, . Sn”

R1,.a“-=. N X /\\f/‘:’J\ Rs . X H
M 34 examples -

55-97% Yields Rz Rs

A =CHs O, 5, NMe

Selected examples:

(9] /,_q_/"‘F‘h
i

0 MM&
N

e
H Mg Me

1, 97% 2, 76% 3, 7T1%
H
?LH_‘/ME %L‘
N NME?
M H N
~ o NS ;
Me

5, T5% 6, 949 T, 71%"

.
S

4, 92%, d.r. =201

o H.
N .
..-H H
H

B8, 69%, dr. 1.3:1*

“#25 mol% n-Bu,P"(t+-BuO),P(0O)O~, 80 mol% TRIP-SH. **With-

out TRIP-SH, 30 mol% TRIP,S,.
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Table 1. Reaction i.')'ptimizatil:m"'l

3 mol% photocatalyst

25 mol% PBuyOP(ONOBU):

1 40 mol% H-atom donor

Me

o

*»J:b

H 10 maol% additive H
1 0.05 M solvent, blue LEDs, rt., 17 h 2
ield
entry solvent PC H-atom donor En%]l'
1 PhF A TRIP thiol 44
2 PhF B TRIP thiol 26
3 PhF C TRIP thiol 10
+ PhF A thiophenol 32
5 PhF A tri(fBu)thiophenol 33
6 PhF A tDodecanethiol - g8 |
7 PhF A TRIP thiol TRIP disulfide 95
8 PhMe A TRIP thiol TRIP disulfide 46
9 PhCF; A TRIP thiol TRIP disulfide 73
10 CH,Cl, A TRIP thiol TRIP disulfide 51 -+
11 CHCI, A TRIP thiol TRIP disulfide 62
change from entry 7
12 60 mol % TRIP thiol, no TRIP disulhde 58
13 no TRIP thiol, 30 mol % TRIP disulfide 8l
14 5 mol % phosphate base 80
15 0.1 M PhF 85
[ 16 5 mol % phosphate base and 0.1 M PhF 97 ]
17 no light 0
18 no photocatalyst 0
19 no phosphate base 0
20 no TRIP thiol and/or TRIP disulfide 0

TRIPFRESFITRIP — #1447
HEMEMN RN

e N F R AR JE R[] B B
RERRBNEERT S
RRz7EYE, 5% T H =
& I Ry HYSE At
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Scheme 1. Polycyclization Cascade and Intermolecular Anti-
Markovnikov Hydroamidation Reaction”

(@) A 3 mol% A ! %
5 mol% PBuysOP{O)OBu), N Me N Me
\/\/ILN/\/ - | o 3
i 30 mol% TRIP disulfide H H
H 0.1 M PhF, blue LEDs, r.t, H H
36 83% yield, 4:1 39:40 39 40
o Monocyclized by-product
o
=
N/\/ N/\/
o 37
4 38
11% yield”
(b)
o 3mol% A Q H
\/\)L 5 mol% PBu,OP(O)OBu), N
N 30 mol% TRIP disuifide H
s 0.1 M PhF, blue LEDs, r.t. H
41 69% yield, 1.3:1 42:43 43
(c) 0
1 3 mol% A 2 d
NW 5 mol% PBusOP(O)OBu), G&.} 1 N
|
H 30 mol% TRIP disulfide
“ 0.1 M PhF, blue LEDs, r.t. R B
76% yield, 1.4:1 45:46 45 46
7:1dr
(d)
o . 3 mol% A o
20 mol% NBu4OP(O)OtBu);
X 20 mol% TRIP thiol Md H
MeQ 10 mol% TRIP disulfide MeQ

4 equiv.

0.1 M CHClIj, blue LEDs, r.t.
67% yield 48

Scheme 2. Olefin Hydroamidation with N-Thioamide

W P 3 mol% A o
I Pr 25 mol% PBuy,OP(0)OBu): _ Mg\%
jij\ 40 mol% TRIP thiol
49 0.05 M PhF, blue LEDs, r.t. 2 M
86% yleld

Pr Pr
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PCET--- Secondary alkyl amines

PHOTOCHEMISTRY

Catalytic intermolecular
hydroaminations of unactivated
olefins with secondary alkyl amines

Andrew J. Musacchio,! Brendan C. Lainhart,’ Xin Zhang,'* Saeed G. Naguib,!
Trevor C. Sherwood,” Robert R. Knowles't

A Anti-Markovnikov hydroaminations of unactivated alkenes with dialkyl amines
R
o " v 10
HE%Q* : \,l\l Me/\r e ) metal_ c:_lt_aly_s_t" . RN .1 iMe
oaide Me e
Me
B Challenging thermodynamics for intermolecular hydroaminations (CBS-QB3)

Trisubstituted alkenes

\ Et H
Et Me AG® = -0.| kcal/mol
[ Me/\r - _N < 1Me
& “H Me & Me

Biﬁ%}im{k{ﬂfﬁgél‘ﬁlﬁ?ﬁﬂgignn' Tetrasubstituted alkenes "
AR A SRR ’ - T T

| M
| Me - N s
Me” X — Et7 Me

Me Me Me

N
Et” “H



C Kinetically rapid C-N bond formation with aminium radical cations

Me
Me k=32xI108Ms! QN’H
® t o
N\H Me \ : .-\Me
Me Me* Me
Me
D This work: photo-driven intermolecular hydroamination with ARCs

Q, *Y

\H RS

electron

transfer

Ir photocatalyst

thiol HAT catalyst

blue LEDs

FEERE

aminium
radical cation

» Visible photon absorption provides thermodynamic driving force

* Kinetic advantages of aminium radical cations in C-N bond formation
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Scheme 6. Catalytic intermolecular hydroaminations of unactivated
olefins with secondary alkyl amines

Rs R,
O )\( 2 mol % [Ir(dF(Me)ppy) 1(dtbbpy)]PF, > 0 )/.SAH

30 mel % TRIP thiol

toluene, rt, blue LEDS Ry R
poas @ﬂ“ 4 @U O%@
19 96% 20 66%° 21 86% 22 85% 23 70% 24 67%
1.3:1 dr 1:1 dr
amine scope

— S T 7 0T 2

A 25 92%° 26 97% 27 98% 28 82% 29 83%"1 30 60%

Me Me e Me OMe e
= H N |/ N _Ph "’7’“ ’!‘\)\ hl’f/N e
Qo e e Yo KL gy
N :
2 (o] 5

A v 31 46% 32 65% 33 85% 34 50% 35 63%" 36 59%'

intramolecular

CF, Bn Bn Bn
38 80%' 39 54% 40 78% 44 90% 45 82% 46 84%
12:1 rr
H
AIAe H }:‘l H Me

LU BOC\N%N : <:'/\N//\\((v Boc m Q/ b
H 3 H = N | H

OH B A Y L | Bn  Me

41 55% 42 90%"* 43 86%"7 47 88% 48 89% 49 65% 50 73%

9:lrr
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Proposed Catalytic Cycle

proton

transfer
ArS ©
®
® N H
/
T —
R
electron
transfer

ArSe < ®>
IN H
R

AR EE T EE

® hv
@)
H

ArS-H
electron
transfer
ArS-H
®
Q\H |r“
C-N bond
formation Z R
< ® > ArS-H
H-atom N

/
transfer H \—°\ It
R

v
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PCET--- Primary alkyl amines

® Cite This: J. Am. Chem. Soc. 2019, 141, 1650016594 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Anti-Markovnikov Hydroamination of Unactivated Alkenes with
Primary Alkyl Amines

David C. Miller, * Jacob M. Ganley,’ L Andrew ]J. Musacchio, @ Trevor C. Sherwood,*
William R. Emng, and Robert R. Knowles™"

TDepartment of Chemistry, Princeton University, Princeton, New Jersey 08544, United States
Discovery Chemistry, Bristol—Myers Squibb, Lawrenceville, New Jersey 08543, United States

(A) Intermolecular Hydroamination of Unactivated Alkenes with Primary Amines

Markovnikov Product

Primary Unactivated Alkene
Alkyl Amine

®VNH2 .//\® Transition-Metal Catalyst @/H T

Marks, Hultzsch

Anti-Markavnikov Product

®\/NH2 /\’® Catalyst @/H\/L@

N
Primary Unactivated Alkene

Alkyl Amine
No general examples

RZ AL RN =47 .



2 mol% Ir Photocat. A or B
O Me O H Me Ir A: 92% yield
19 TRIP thiol p : 18% vi
NH )\04H9 50 mol% io N\/404H9 Ir B: 18% yield

PhMe (0.05 M), Blue LEDs, rt

Me Me 2 mol% Ir Photocat. A or B MEW H Me Ir A: 65% yield

Me. _NH )\cmg 50 mol% TRIP thiol MEVN\/LC4H9 Ir B: 0% yield
PhMe (0.05 M), Blue LEDs, rt

N/ v — = E/ =73Z7
° AR E RN R N~
PFe FEEMFH =8 520 sz hy ;=252
+Bu FyC.
SH
F iPr. Pr
F
+-Bu FiC Pr
TRIP thiol
Ir Photocatalyst A Ir Photocatalyst B
[Ir(dF(Me)ppy),(dtbbpy)]PF, [Ir(dF(CF;)ppy),(4,4'-d(CF,)-bpy)IPF,

Figure 2. Observation of divergent reactivity between cyclic and

acyclic amines with photocatalysts A and B. (B) Intermolecular Anti-Markovnikov Hydroamination with Secondary Alkyl Amines
HENO Me [IHdF(Me)ppy),(dtbbpy)IPF, HeN -
Moy, )\chg Thiol HAT Catalyst A
Blue LEDs o
Secondary Unactivated Anti-Markovnikov
Alkyl Amine Alkene Product

~ viag —————
| HZN I
\ONPH

* Complete selectivity for secondary amines in the presence of primary amines
. N e R El, T ollllollooiossosnosssssssosooee
1EH§\ 1q:IH§ 2 | Ej%{'b %1Mﬁ Ej: %j—r (C)  This Work: Intermolecular Anti-Markovnikov Hydroamination with Primary Alkyl Amines
Bacl\O\/H /O [Ir{dF(CF)ppy),(4,4'-d(CF)-bpy)IPF, BochO\/H \/O
N“H Thiol HAT Catalyst N F|

. Blue LED:
Primary Unactivated ue s Anti-Markovnikov

Alkyl Amine Alkene Product
| — via———————— 1
BocN
s
-.{.\'H

* >20:1 selectivity for secondary amine product vs overalkylated product *




Table 1. Reaction Opl'imizatinn"

NH, 2 mal% Ir Photocat. B H
O/ Q X mol% TRIP thiol N N,
Solvent (X M), Blue LEDs, rt O’ H O/ H
1 2 2a

X equiv

yield (%)
TRIP thiol concn equiv

entry  solvent (mol%) (M) alkene 2 2a
1 PhMe 30 0.05 6 0
2 EtOAc 30 0.05 6 34 0
3 dioxane 30 0.05 6 84 2
+ dioxane 30 0.2 3 69 2
5" dioxane 30 0.05 6 8 0
6° dioxane 30 0.05 6 76 2
7 dioxane 0 0.05 6 0 0
8 dioxane 30 0.05 6 0 0
9° dioxane 30 0.05 6 0 0

“Optimization reactions were performed on a 0.2 mmol scale and run
for 24 h. Yields were determined via GC analysis of the crude reaction
mixture relative to biphenyl as an internal standard. P1-HCI used
instead of 1. “1-HCl used with 1 equiv LiOH. 90 mol% Ir
photocatalyst B. “No irradiation.
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Table 2. Scope of the Intermolecular Anti-Markovnikov Hydroamination of Unactivated Alkenes”

. R 2 mol% Ir Photocat. B TR
R Y P, 30 mol% TRIP thiol . th”\l/(Hs
Rz Dioxane (0.05 M), Blue LEDs, rt Ra
& equiv 4872 h
Alkene Scope
H H Et H Me H Me H Me H Me
H H H = H = H = H = Ho5
O/N\/::O O/N\/Jt;l N\/’{-a N\/kl,u!e O/N,v\i O,N\/-“{\,—"E“ O/N%L
A | |
Me Me OH
2 77% 375% 4 66% (£)571% (%) 6 65% (£)772%° () 8 54%
H H oH H OH
H H - -
H H H H H = H =
N N N Ma N\/l\ N~ N~
o on o) oxXZ oy g7t o7
u o H H H Me
(+) 9 545 be 10 62% 11 57% (%) 12 48% 7, 56% © 13 43% ()14 74% ' (£)1580% "
o , 0 i
H ' H
i : ‘ Ao
1 i A A F i Mﬂ/L\l/N :
Me™ 2 "Me Me™ - “Me OMe ! H - i
H H ' F Me
(£) 16 51% ()17 42% : 18 69% 19 §1% 20 61% @ 21 56%

Amine Scope "
=
}Eﬂv@
M =
o[ ) v L) L v [ i
N ! B N -
i Y Eﬁ/ i N
g

Mg Me H Me

22 59% 23 73% 24 69% 25 47% 9 26 74% 27 56% 9

Tn
T

v

Tin

H\/O " H\/O H\D H\/D e
O/\/ G \O/\/ BN H Moo M“WN\){.FBu
A

28 56% 29 49% 30 59% 31 43% (£)3257% "

Tis
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Oxidation PCET--- Anti-Markovnikov Hydroamination

# Cite This: J. Am. Chem. Soc. 2018, 140, 741=747 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Intermolecular Anti-Markovnikov Hydroamination of Unactivated
Alkenes with Sulfonamides Enabled by Proton-Coupled Electron
Transfer

Qilei Zhu,” David E. Graff, and Robert R. Knowles™

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

A Previous work - intramolecular PCET-based olefin amination with anilides

o Ir PthtDC;'[. o
Ar
A phosphate base }\\ .
Sy JLN : - - e
h thiophenol \"J“\/H
L blue LEDs
Intermelecular variants were unsuccessful

B: This work - catalytic intermolecular hydroamination of unactivated clefins

Ir photocat.
W e phosphate base Y
|:‘I,SH.N,H " ,j;'-wﬁ - ar ‘N’-\[/\H!
Ill TRIP thial H H
blue LEDs
BDFE (M-H) -

PCET

A2
105 keal/mol Gl ] 2 T
| .



Markevnikov addition: Hartwig, Tilley, He, and athers

R
qa.e?o . metal catalysts q&'g?o !
B + HS’E‘N‘"H - Ry N
| or 1
H Brensted acids R H
Anti-Markovnikoy addition: Micewicz
Me MesAcr cat. Ms, H

lutidine, PhSH -
+ Ti=—NHz - WNHTF
450 nm LEDs
via alkene radical cation

Figure 2. Prior work in intermolecular olefin hydroamination with
sulfonamides.

=B TR S EB RS e
DT RIS ELTTE

Table 1. Reaction Sensitivity Screen”

a
Photocatalyst (2 molt) Qh_ll./_@—liﬁ
NBU,OP(0)(0Bu); (20 mol%) 7

/@, xNW
H
Me'

entry

R =T - I B = L

e
bt = D

13
14
15
la

Q
Y

H-atom donor

24,6-TRIP thiophenal
thiophenal
tert-dodecanethiol
BHT

Ph,CHCN
2,4,6-TRIP thiophenol
24,6-TRIP thiophenol
24,6-TRIP thiophenol
2,4,6-TRIP thiophenol
24,6-TRIP thiophenol
24,6-TRIP thiophenal
24,6-TRIP thiophenal

H-atom donor {30 mols) N H
sofvent (0005 M), r.t., blue LED, 15 h

.1

photocatalyst solvent yield (%)

A

o = I o = -

PhCF, 78
PhCF, 47
PhCF, 16
PhCF, <1
PhCF, <1
PhCF, 71
PhCF, 77
PhCF, 38
PhCF, é

CH,Cl, 32
CICH,CH,CI 13
THF <1

Change from Best Conditions (Entry 1)

no light <1

ne photocatalyst <1
no NBu, OP(0)(OBu), 1
no 24,6-TRIP thisphenol 1

“Reactions were run on 0.05 mmol scale, and yields are determined by
GC analysis relative to an internal standard. Photocatalysts:

P F.;

AR'= CF;-.RE =H;
B:R' =H,Rl=CFy;
C:R' = CO;Me, R = H;
D:R! = H, R = COyMe;
E:R! = H, R =Buy;
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Table 2. Scope of the Intramolecular Amination”

(=]
oo g2 2mol % [I(dF(CF3lopy)a(5,5-dCFbpy)IPFs (A) N
W /‘\/‘\'ﬁl\ 20 mol % NBuyOP(O)(0Bu), N
S .
o -
RN R? 30 mol % TRIP thiol CL\J./”
H 0.1 M PhCFy, blue LEDs, £t R ‘sz
8] H
o Ol N N oy if H
q@éi__‘ N PMP AS=pMP S"-Fﬂll.-'u:* % Eﬂ AS~pmp
N/" AT ME.-,_ ] MH ~pMP N
Me R R |-i Me Me” b G#ﬁu
1 Ar = 4-tol, B6% 391% 4 90% R =H 6 B1% (1:1 dr) 7 85% 8 89% 9 86% Ar = 4-tol,
2Ar=PMP, 92% 5892% R =Me =20:1 dr 220:1 dr 10 88% Ar = PMP
o RZ=R2 = Me: Ohe Me
%5:; 11 X = OMe, 96% Ol
N K 12 X = Me, 74% |
. 13 X = H, 66% e e d
- X 14 X =Cl 69%
R R 15 X = Br, 66% 18R2=Me 86% 19RZ=Med7% 20RZ=Me83% 22R2=Mef0% 23 R?=Me 89%
16 X = CF, 65% 21 R? = H 82% 24 R? = H 79%
17 X = CN, 57%
o
g .5"1 .IK_,/\ ,55‘ Me
¥ T
M 8]
25R2=MeB1%  26R?=MeB1%  27TR?=Me69%  28R®=Me70% 29 R?=Me67% 30 R? = Me 77% 32 R2 = Me 91%
31 R =H 76% 33 R = H 80%
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Table 3. Scope of the Intermolecular Hydroamination

Qﬂ ;D o 2 mal % [Ir[dF{CF 3)ppy)z(5.5-dCF sbpyl]PFg (A} o0 Ft1 E]
o » 20 mal % NBu OP{ONOBu); il H
MH; 4 ; - .
@/ " 30 mol % TRIP thiol /@I Hogd e
Mel 14 R 0.1 M PhCF 3, biue LED=, rt. MeD
H
D\\Ji'c' H 01, & H [ o] [
b : ;E‘ M \gPUP i e W
PP H/\O ar H/\:{\/\.Mﬂ D’/\\ e l\u PP H» .
H Me o H H Ma
35 6490 36 B2% Ar=PMP 38 75% 39 from cis-4-octene: BE% 40 60%
37 15% Ar= 4-fol* from trans-d4-octene: T9% trans:cis = 2:1
¥ DA
\\s.wo M D\!Sbg Ph w .1.-0 he Me q'ks# l:l 0\\ .9-0 q\g‘p
Li) -, .
PMP N /\I/\/\/ PPN PP ’\e<,,-|, PMF™ PN H  pap="™y e
PP N . :
"W ”/T H H OH HEoc H e Y : /?‘::
42 60% 43 2E0,a 44 59% 45 85% 46 45% 47 B67%
OTES oo o
q‘sﬂﬂ D“SJ-’D C:‘ *0 “Sq S“D .
PMP “n A‘:{A‘Npmn PMP “H ’A::{A‘GTB.S e N PMP "H PMP "H W\/
H Me H Me H i H H
48 TAY 49 80% 50 48%
#D \1. 4' \\ -f.r
™ Wmﬂ H come  PMP -5 ) /Y&ms
H

5351% 54 44% (3:1 regicisomer)
oo
RV B il /\/@\
Y : PMP " N e
o T
Pr W
H
59 57% 60 53%

3 MH LR
Selareal derivative Cholic acid derivative
55n = 0. 42% 57 sn%b 58 4?%“
S56n=1, 49%
oo HHAG
o .
PhP NWCD“
H*
Androsterone derivative
o1 46% 62 57%
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Scheme 1. Tandem Amination/C—H Alkylation”

Photocatalyst A (2 mol %)
20 maol % NBuOP(O)(OBu): L,
A

S H sulfonamide 34 -1
V\;{ _ - PMP~ ™N
30 mol % TRIP thicl H

R' A'
0.1 M PhCF s, blue LEDs, r.t.

Alkene Products

o o o 0
o A,
WH o CO,Et i
A PMP N/\/v'/\l/ PMP

. M
e b L Me Me Ph N
63 64
| 5% srep: 75% 27 sean: 3%

Photocatalyst A (2 mol %)

/\/\3('

olefin hydreamination

5 mol % NBu,OP{O)(0Bu)a o o0 R#
‘

0.2 M PhCF4, blue LEDs, rt. i :‘Si EWGE
P = PMP N :
H -

R' R Ha
F‘2\"71\9;'.&':1
C-H alkylation

Allkene Product

o o
W
/\/Y\/CGLME i 210 PMP =S N TN i
g H
T Ph
67

27 grep: 70%

| 5t step: 7T4% 2N% srep: 78%
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ET/PT

It

ArSe

(BuO),PO,H

H-atom
transfer

ANERERIFERLRL

el —

FEHEALTIRTIER

®
I hv
0 0
(BuO),PO, N
R “NH,
concerted
PCET
o] I
|
ArS—H Yo i
R" N (BuO),PO,H
C-N bond
formation /A\/Hz
Z
\\f/o
Rl S\N/\/\RQ
H L
Ir“ (BUO)IPC)zH

R EIR T HATH AR BE BB R R

Current (A)

Current (A)

1.2+

1.14

— without base
— with base

>
1.0
0.: T ] ] ]
0.00 0.01 0.02 0.03 0.04
[sulfonamide] / M
1.5%10=
1.0x10%
5.0%105-
0.0+
0.5 1.0 1.5 2.0
Potential (V)
1.5x1044 —2.5mM PMPSO,NH,
- 5.0 mM (BuO),P(O)ONBu,
— 2.5 mM PMPSO,NH,
1.0x10% . 50w (BuO),P(0)ONBu,
5.0%10-5- / .
0.5 1.0 1.5 2.0
Potential (V)
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Oxidation PCET---Enantioselective Hydroamination

A C

S

ENAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Communication

Enantioselective Hydroamination of Alkenes with Sulfonamides
Enabled by Proton-Coupled Electron Transfer

Casey B. Roos, Joachim Demaerel, David E. Graff, and Robert R. Knowles™

Cite This: J. Am. Chem. Soc. 2020, 142, 5974-5979

(a) Previous Work: Electrostatic contributions to hydrogen bonding interactions

H-bonded ketyl radical

neutral ketyl-phosphate anion

H-bonded indole radical cation

N Ar
Wi v
0
| G?\\P/
N o\
®H °

radical cation-phosphate ion pair

(b) Hypothesis: Hydrogen bonding in PCET successor complex

(€]
M0 n-1
0, hotocatalyst R 0
ET (R e .0) pchiral base R /P.\(.))
N—h--2 Yo B o=

N PCET s

N

S

o/ \R‘ PT (o) 1

Can we extend this principle to neutral radical interfaces?

I: I Read Online

(c) This Work: Enantioselective C-N bond formation enabled by PCET

Ir photocatalyst

chiral phosphate base

thiol catalyst
blue LEDs
up to 98:2 er

R

HsC.

CH
o. O 3
525
N

g
>
1
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Table 1. Optimization Studies”

2 mol% [I2FCF)ppyl,i5,5'dCF bpyl]PF, Me:
0, 0 Me ; o, 0
N # w 2.5 mal% chiral phosphate o
PMPT N Me 30 mal3% TRIP thiol PPN
0.1 M PhCF,
1 blue LEDs, —20°C, 24 hr 2
Entry Phosphate Yield (%) er
1 P1 54 52:45
2 P2 30 52:48
3 P3 6 35:65
4 P4 &2 86:14
5 PS5 a7 937
& P& 98 87:13
! P7 85 95:5
Chiral phosphate bases:
Ar
@G 0 0
Weoe
oo T
Ar
P4 Ar = 9-phenanthryl
P1 Ar= CGHS P5 Ar = GEHS
P2 Ar= [2.4.5'JPT)':15H2 P& Ar= {2.6"JPT}ICGH3
P3  Ar = 9-phenanthryl P7 Ar=(3,5-Ph)CeHy
Entry Change from Entry 7 Yield (%) er
& room temperature 93 8g:11
9 thiophenol H-atom donor 81 9d:4
10 10 mol% P7 &9 95:5
n no base =1 -
12 no thial <5 -
13 na photocatalyst <1 -
14 no light <1 -

Me

Ma(

2 mol¥ [IdF(CF,)ppyl;i5.5'-dCF  bpyllPF,
2.5 mol% chiral phosphate P7

k]

_ S
30 mol% TRIP thiol i R
0.1 M PhCF,
blue LEDs, —20°C, 72 hr
M o
Me,
ra
M ,90
]

Me

from cis: 28 85%
9&8:4 er; 1.5:1 dr

15n=198%, 91:F er
16 n =2 98%, 96:4 er

NH
o
o
Me” O

22 50%, 946:4 er®

61
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2 mol% [IMdF(CF)ppy),(5,5'-dCF bpyl]PF,
2.5 mol% chiral phosphate P7
Me methyl vinyl ketone (4.0 equiv)

Me

Me:

N Z e 0.1 M PhCF, e
H blue LEDs, =20 °C, 72 hr
(] o

29 65% yield, 95:5 er

Figure 2. Carboamination reaction.

Table 3. Enantioselectivity as a Function of Solvent
Dielectric

e 2mol% [IMF(CF )ppy),(5,5'4CFbpyIPF, Me
O\\s’jc/\/\/l\ 2.5 mol% chiral phosphate P7 D“}SJ:|
PPN Z e PMPTN

30 mal% TRIP thiol
0.1 M solvent

1 blue LEDs, =20 °C, 24 hr 2
XA M RI X BRI M entry solvent yield (%) er e
BRINEBEEA Gk 1 toluene 85 93:7 24
2 fluorobenzene 77 94:6 5.5
3 tetrahydrofuran 45 94:6 7.5
5' E‘%?Xj‘*}'[”—’:ﬁu 4 dichloromethane 54 94:6 89
5 acetonitrile 15 04:6 36.6
6 N,N-dimethylformamide trace 83:17 38.3
7 propylene carbonate trace 85:15 66.2

“Reactions were conducted on a 0.05 mmol scale, and yields were
determined by NMR analysis relative to an internal standard.
Enantioselectivity determined by HPLC analysis on a chiral stationary
phase.
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A) Overview of enantioselective hydroamination of alkenes with sulfonamides B} Proposed catalytic cycle and mechanistic considerations

G EERA(NCls)

Ir photocatalyst

hiral phosphate Me
Me chiral phasp Me
D‘\S‘P W thial D\\ 40
Are HH Me blue LEDs ArTTTN
up to 746% ee

C) This work: experiments, computational studies, and data science-based analysis

62,
o H

S Y
‘Yﬁw—ésiqor

Selectivity-determining TS

# Experimentally and computationally supported
enantiodetermining C-N bond formation.

* TS calculations and statistical modeling reveal
the primary and secondary network of NCls
that govern enantioselectivity.

(S)-BINOL derived chiral cocatalyst

triazole- and aryl-based NCls
selectively stabilize the favored TS

®&} hw
o]

N
1
H
( :
1l =]
Pe 3
0-pP=0
ET/PT PCET kg
@ O\\ Ip /\./\/hl"lll\IE
Ar“S‘ = Me
9]

ArSe ArS—=H
f:', H post-PCET
0" | "OH o neutral
O—\F‘=D H-baond
g

o
o-p

(1‘

C-N bond
formation

Hypothesized origin

Me of enantioselectivity

D\\S" 0
ArTTN

?,5
071 "OH @
(0

Me *Me
O 0 Me:
Ar’S"N

* What is the enantiodetermining step of the catalytic cycle?
» Can a molecular model be constructed to support the hypothesis and account for
enanticinduction across a range of substrates and chiral cocatalysts?

https://doi.org/10.1021/jacs.2c07099 63
J. Am. Chem. Soc. 2022, 144, 18948—18958



A) Standard conditions for kinetic experiments

2 mol% PC
2.5 mol% P1 Me
Me \—Me
AP e~ 30 mol% TRIP thiol 00 :
PMP”™"N Me 0.1 M CD,Cl, PMP~ D
H blue LEDs
1 -20°C »
2% ee
SH
i-Pr. i-Pr
i-Pr
TRIP thiol

[Ir(dF(CF )ppy),(5,5'-dCF ,bpy)IPF,,

B) Time course

0.1 - 2
...0.—*""‘"“"'""'
= 008 | o 1
c /7 -3
.© F) *2
© 0.06 [ g = A
=} ;] = -
G 004 |} ° =
(¥} .
= )
(o]
O 002 }e -5
O 1 1 1 P -6
0 4 8 12 16 20 24

Time (h)

HERR T RS BRIMZ R ATIE A C-

HATZ IR AEY,

(R)-chiral phosphate
(PC) (P1)

C) First-order kinetic plot
I

R2 = 0.99

Time (h)

N JeRY

Initial Rate (M/h)

Initial Rate (M/h)

Initial Rate (M/h)

0.02

0.015

0.01

0.005

0.02

0.015

0.01

0.005

0

0.02

0.015

0.01

0.005

A) Varying [TRIP thiol]

0 20 40 60 80
[TRIP thiol] (mM)

B) Varying [PC]

| . ¢

0 1 2 3

[PC] (mM)
C) Varying [P1]
[}

L )

0 2 4 6
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Oxidation PCET---O-H Bonds

OH photoredox catalyst 0
Brensted base
CULH . R
H-atom donor
H

J. Am. Chem. Soc. 2016, 138, 10794—-10797

o H I photocat. R Ir'! photocat. o
Brensted base HO ~— Brensted base -
Ar blue LEDs blue LEDs
n+| - n . n+2
X H-atom donor X X
‘ HAT J O-H PCET/f-scission l ET/PT
via

I ; Ar exo-trig é/\R endo-trig ) Alk
y R =Ar, HetAr X\g R = alkyl,H
J. Am. Chem. Soc. 2019, 141, 8752—8757

Ir photocat.
hosphate b t
phosphate base ca R'R2

HO\/\/\rW HAT cat. .. O‘{

R2 blue LEDs e H

Angew. Chem. Int. Ed. 2020, 59, 11845 — 11849
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Oxidation PCET---Ring-Opening of Cyclic Alcohols

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Catalytic Ring-Opening of Cyclic Alcohols Enabled by PCET
Activation of Strong O—H Bonds
Hatice G. Yayla, Huaiju Wang, Kyle T. Tarantino, Hudson S. Orbe, and Robert R. Knowles*

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States

This work:

Synthetic application: redox-neutral isomerization of cyclic alcohols

Bacchioicl, Bietti, and Steenken:

OH photoredox catalyst 0

B:. B Bronsted base
L HO THL R > R
. SN e

-7 0 \f' intramolecular o H-atom donor

J —_—
H PCET? H H
H @ H
OMe OMe intramolecular B-scission

PCET & HAT

FNZE LinE SRR ERERE FRE ERREEHE, =H|
TR RBIRC-CRISA B



Table 1. Reaction Optimizatiﬂn"

entry

=T -T B E  a

1 mol% photocatalyst

]

1 equiv. base
L‘::_-}wmp 25 mol% thiophenol
0.1 M CH,Cl,

Blue LEDs, i, 12 hrs

photocatalyst

[1r(dF(CF;)ppy).(dtbbpy) |(PF) (A)
[1r(dF(CF;)ppy).(bpy)1(PFs) (B)
[1r(dF(CF,)ppy).(5,5'd(CF,)bpy)] (PF,) (C)
[1r(dF(CF;)ppy).(5,5'd(CF;)bpy) ] (PF;) (C)
[1r(dF(CF;)ppy).(5,5'd(CF;)bpy)]1(PE;) (C)
[1r(dF(CF;)ppy).(5,5'd(CF;)bpy)1(PF;) (C)
[1r(dF(CF;)ppy).(5,5'd(CF;)bpy) ] (PF;) (C)
[1r(dF(CF;)ppy).(5,5'd(CF;)bpy)]1(PE;) (C)
[1r(dF(CF,)ppy).(5,5'd(CF,)bpy)] (PF,) (C)

- MP
2

H

base
collidine
collidine
collidine
pyridine
TBA® (PhO),POO~
TBA® CF,CO0~
TBA® PhCOO~
collidine (2 equiv)
collidine (3 equiv)

yield (%)
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Table 2. Substrate Scope”

1 mol% [Ir(dF(CF 3)ppy) o(d(CF 3)bpy)](PFg)

OH | L o}
3 equiv. collidine
M‘\R 25 mol% thiophenol - R
0.1 M CH3Cl»
Blue LEDs, rt H
Starting material Product Yield
3 n=0 T71%
" _pup o) 4§ n=1 86% HO % $ 0 g & £
2 n= Yo
)’l\/w 5 n=3 90% \ \
PMP n 6 n=4 B81% D
n 7 n=6 92% a o,
8 n-8g 859% 20 84% 21 86% 22 $1% 23 82%
Starting material Product Starting material Product Starting material Product
PMP Me

10 X=Br 63%

M e
© Me_ Me
0
)I\/\/ e
X _H ‘
- ~ on PMP\{
Me  Pup

11 X=0 98%
12 X =NBoc 88% 16 91%, 6:1 dr
13 X =C{(Me); 94%, B.5:1 rr

o}
ved ] wa
HO 0 H o J-K/a. 0
I o I
PMP
Me PMP ] 5 H ~

HO, PMP ? 0 Me Me HO. Me 0
H H : PMP PMP
PMPJ\N\r PMP )j\/\/\l/LMe MEJI\N\r
31d
9 Xx=0 75% X Me g 15 90% H 18 91% H
M

14 97% HO H 17 61% H
Starting material Product Starting material Product Halogenation reactions
OH 0
SeIectFIuor Jj\/\/ E%b c
PMP ~ 1 "CyiHzs PMP” CyyH HO
HasC 24 84%“ N PP
o 1 < o CC|4 Jl\/\/ 93 nc
y Q a %
e
PMP )k
B PP . BrCCI; J‘I\/\/\
Me 25 93% 26 72%b 5%“

BRME: RAFREorIEEEREEE AL
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: T Ma
/A w it
,/'H\ il e | AG%pr ~+34 kalimol

il Ph i il i
" Rz, =HREIE

e

OH OH OH oH %5%5@?%%%@3?%
PMP,i\/F-h PMP \A\/Fh PMP/\A\/Ph FMP\/\/I\/F'h

Mea Mea hde Mea
30 8B8% 31 94%,17:0 rr 32 89% 33 &%

Figure 3. Distal C—C bonds cleaved via long-range PCET.

MeO
OMe

HO - NMe MeO OMe ‘ MeOQ O
5 @ X NMe O S« © O Oz
vy v Bt v YN DAt YN N
Base Epn (V) 039 069 0.92 0.96 118 1.22 124 127
2-MeO-pyridine 'BDFE' 77 84 90 9l 96 97 97 | 98
PK, =99  Yield (%) 0 0 0 0 0 0 <S5/ NS
pyridine 'BDFE' 8l 88 93 94 | 99 100 101 101
pK, =125  Yield (%) 0 0 0 <5 G 16 5 19

?\*l\ljj ?E-L\)\%;E;&E%¥ﬁ;mugéi‘ﬁ CF3;COO0O- '‘BDFE' 8l 88 93 94 E 99 100 101 101
PC ETﬁ*?EEI\Jﬂ?E-ITE pK, =125  Yield (%) 0 0 0 ONN a3 87 97 18

collidine 'BDFE' 84 9l 97 98 103 104 104 105
pK,=15  Yield(%) 0 0 <5 7 86 86 41 84

effective BDFE = 23.06 E;, (Ar%"*) +1.37 pK,(base) + 54.9 (rt in MeCN)

Figure 4. Effective BDFE correlations with reactivity. 69



Oxidation PCET---Ring Expansions of Cyclic Alcohols

& Cite This: J. Am. Chem. Soc. 2019, 141, 8752-8757 pubs.acs.org/JACS
JO

URNAL OF THE AMERICAN CHEMICAL SOCIETY

Catalytic Ring Expansions of Cyclic Alcohols Enabled by Proton-
Coupled Electron Transfer

Kuo Zhao, Kenp Yamashita, " jeseph E. Carpenter ® Trevor C. Sherwood,”® William R. Ewing,§
Peter T. W. Cheng, and Robert R. Knowles™

Department of Chemistry, Princeton University, Princeton, New Jersey 08544, United States
§Disc:uver}r Chemistry, Bristol-Myers Squibb Co., Princeton, New Jersey 08543, United States

A) Goal: General catalytic methods for ring size manipulation

o — O — O

B) Benefit: Access structurally distinct cores without de novo synthesis

OH OH CH
I-step Ry, wRs |-step R,
Ry, Ry <« I —_—
"R Ry - Rq Rz \ Ry
Rz 3 Rs Ry Ry
lead compound
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C) This work: Catalytic ring-expansion of cyclic allylic alcohols by O-H PCET

o H Ir'l photocat. R Ir' photocat. o)
Brensted base HO /~— Bronsted base Al
Ar blue LEDs blue LEDs
n+l n+2
n
X H-atom doner X X
I HAT L O-H PCET/f-scission | ET/PT
via

(0]
Ar exo-trig ) endo-trig Alk
-— PR —— .
R = Ar, HetAr X R = alkyl,H
X X

Table 1. Optimization Studies”

QO
HO = 3 mol% [Ir(dF(CF3)ppy)2(5.5-d(CF3)bpy)]PFg
40 mol% Brensted base 8
(5] r o
NBae 0.05 M solvent, blue LEDs, 35 °C?, 24 h 5
1 1a oc

71



Table 2. Scope of n+2 Ring Expansinn"

R' R o R

o V= 3 mol% [Ir{(dF(CF3)ppy)2(5.5"-diCF5)bpy)IPFs
40 mol% PBuy® CF4CO,™ ‘ R?
= on+2 R' = H, Alkyl, Ph
L\J-I 'f' 0.2 M in PhMe or PhCFJ, blue LEDS, 35 GCJJ .\‘ . Lt R2 - H. Alk)l'l
Starting material Product Yield Starting material Product Yield Starting material Product Yield
% Me, Me O Me Me O Me
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A) Regioselectivity in additions of alkyl radicals to cinnamates (Sparling et al.)

O\ 1 mol% [Ir(dF(CF5)ppy)o(dtbbpy)]PFe i
éoc DMSO, Cs,CO3, blue LEDs éoc CO,Me
B “antiMichaer i
anti-Michae
’i‘ ) MeOzC\/\Ph > N ®
B Boc CO,Me

B) Competition between cyclization and radical reduction

0 o) Q
HO ,— Ir'"" photocat. / /
TRIP-SH
8 PhM ,8 8 /~H
NBoc base cat., PhMe . i Nioc
Boc
1a

blue LEDs
1 | we | 1b
with 25 mol% TRIP-SH 60% 23%
with 5 mol% TRIP-SH 88% 1%

Figure 2. (a) Unconventional regioselectivity in radical additions to
cinnamates. (b) Results of competition experiments.



Table 3. Scope of n+1 Ring Expansion”

R

ho — 3 mol% [Ir(dF(CF3)ppy)z(5,5-d(CF3)bpy)]PFg Q R
Brensted base, 5 mol% TRIP-SH
. - : n+l
N PhMe or PhCF, blue LEDs . .< R=ArEWG
Starting material Product Yield Starting material Product Yield Starting material Product Yield
o o Ph o
17a 80%%° HO ~ o .
A 18a 70%5¢ EWG 23a 66%™C9 Ma Mo 78%/
7 19a 53%%9 7 24a T7ube0 M ’
]
NEoe NEoc 25a 80%"%9 28 28a
17 Ar = Ph 23 EWG = C(0O)Me
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21a
Ph .
] 61%
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AR AT LAE

I WA AR B R TUEIF I EHBIR n + 18kn + 27 34

74



Summar

O, Ph
A Ay~ N

I:l 1 Me—N H
H Me

Me iu'le

H
o @9 g o
4 . y/
\uNhN @ D)\fr\r”h"l
3
H

Proton-Coupled
NHBoc NHBoc H

Electron Transfer
S.
Maozﬁ)\/ H - Mech/'\/va Ph

SO MilNeeN,

0] Ph

0

N
J\/\/\/N NMe:
Ph Z "> NMe,

» Catalytic generation of reactive free radicals

® Photochemical and electrochemical appmaches

75



Thanks for watching!
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