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What is phosphoranyl radical?

?R
/P\\Z

X
Y

phosphoranyl
radical

v One of the P-centered radicals
v" First detection by ESR in 1960.
v' Mediator to generate valuable radicals

v Advancing field acerated by photocatalyst

Taylor, R. J. K. et al. ACS Catal. 2020, 10, 7250-7261. 3



Overview of phosphoranyl Radical Reactivity
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Taylor, R. J. K. et al. ACS Catal. 2020, 10, 7250-7261.
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Formation of phosphoranyl radical

[0 Radical addition

6 F’ . 7 RQ° o 8 .ER
X Y radical addition X E.r.- z
trivalent phosphorus compound hosoh !
B phosphorany
_______ one T anh alyl O Ol . radical
1) irreversible 2) reversible 3) no addition
RQ=|RO"| TMSO RQ = Et Me’ Bn tBu’
Ph* XsPH Me,N'  FiC'’ iPr’
BzO’ RS FsC,

v' Mainly determined by stability of radical

» Selective reaction (P-O bond formation)

Taylor, R. J. K. et al. ACS Catal. 2020, 10, 7250-7261. °



Overview of phosphoranyl Radical Reactivity
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v’ Scission occurs in the weakest bond in phosphoranyl radical.

v’ Strong P=0 bond formation can be a driving force for B-scission.

Taylor, R. J. K. et al. ACS Catal. 2020, 10, 7250-7261.
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C1 synthon

[0 Conventional approaches for hydromethylation

addition of C1 radical

/’\H to Giese acceptors
EWG_~, 9—OH
H a
radical addition to CO
FE N then NaBH,
. Cz0
b
o radical addition to HCHO

v e . ¢

H H =

/\j\ Grignard addition to HCHO
@
H H d

Leonori, D. et al. Chem. Sci., 2021, 12, 10448. 9



Application to C1 synton

)i R
.R
H™ 'H . 0—.P\’ OH
. - — = R Fe-
endothermic fast O-radical chain propagation
dical additi trap
alkyl i alkoxy phosphoranyl hydroxymethylated
radical radical radical product
6 = 7 RQ’ 8 ,ER
. ° . - 1‘""2 — — o=
h |gh rea Cthlty X Y radical addition X 1,- z
trivalent phosphorus compound
to O-centered X,Y.Z = aryl, alkyl, O-aryl, O-alkyl, p“”;pd’};’j”y /
ra d ica | 1) irreversible 2) reversible 3) no addition
RQ = RO’ TMSO’ RQ = Et Me' Bn' tBu’
Ph° X5PH Me,N*  FiC” iPr’
BzO’ RS’ FsCp

Leonori, D. et al. Chem. 5ci.,2021, 12, 10448. 10



Halogen-Atom Transfer using aminoalkyl radical
0 Previous report

XAT with a-aminoalkyl! radicals

R R IR Sk adlk a2

alkyl & aryl alkyl & aryl deuteration alkylation allylation olefination arylation
halides radicals
B HSCH,CO,Me (20 mol%)
conditions

Y

O, H photoredox catalysis

N 4CzIPN (5 mol%)

Foe blue LEDs, rt., 4 h
98%

I
g + Et3N
Boc”V CH3CN-H,0 (10:1)

3 a
(1.0 equiv.) (3.0 equiv.)

c " —— . .
ﬁ \/ f\ v XAT under mild conditions
- - with high chemoselectivity

e;:n—i /\ N ML”‘CF v" Aminoalkyl radicals
'y / from simple amines.

l -
LE
S . LA
Boc” Et ét
-a

""""""""""""""""""""""""""""""""""""""""" Leonori, D. et al Science 2020, 367, 1021-1026. 11



B) Reaction optimization

Optimization

4CzIPN (5 mol%), amine, PR3

CH3;CN-H,0 (0.1 M, 10:1), r.t., o/n

> O/\OH
N
Boc”

1 blue LEDs 2
entry HCHO source amine PR3 yield (%)
1 HCHO, (4.0 equiv.) Ets3N (2.0 equiv.) - 27
2 HCHO,, (4.0 equiv.) i-ProNEt (2.0 equiv.) = 35
3 HCHO,, (4.0 equiv.) TMP (2.0 equiv.) = -
4 HCHO, (4.0 equiv.)  PhsN (2.0 equiv.) - G
5 HCHO, (4.0 equiv.) i-ProNEt (2.0 equiv.) PPh; (2.0 equiv.) 60
6  HCHO,q (10.0 equiv.) i-Pr,NEt (2.0 equiv.) PPh; (2.0 equiv.) 61
7  HCHO,q (10.0 equiv.) i-ProNEt (3.0 equiv.) PPh, (3.0 equiv.) 86
8  HCHOg4 (10.0 equiv.) i-ProNEt (3.0 equiv.)  P(p-F-CgH4); (3.0 equiv.) 86
9  HCHO4q (10.0 equiv.) i-ProNEt (3.0 equiv.)  P(p-CF3-CgHas)s (3.0 equiv.) 76
10  HCHO4q (10.0 equiv.) i-PrpNEt (3.0 equiv.) P(p-OMe-CgHy)s (3.0 equiv.) 70
11 HCHO,4, (10.0 equiv.) i-Pr,NEt (3.0 equiv.) PCys, (3.0 equiv.) 65
12 HCHO4q (10.0 equiv.) i-ProNEt (3.0 equiv.) P(OEts) (3.0 equiv.) 40
13  HCHOg4q (10.0 equiv.) i-ProNEt (3.0 equiv.) BPh; (3.0 equiv.) -
14  HCHOg4q (10.0 equiv.) i-ProNEt (3.0 equiv.) P(OPh); (3.0 equiv.) 74

4 N\
”‘:IFE;’“
N

4CzIPN
J

*Ered=_1 .04 V vs SC

Leonori, D. et al. Chem. Sci., 2021, 12, 10448.
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Trapping transient O-radical

MeQ o P(OMe),
0=p* NNTNR ————
MeO
o
g
Meo"é‘OMe
L/’ﬁ: P{OME‘}3
m
MED_FHO
Meo J\(R:‘ P(OMe)
RZ

RO
I

Hydrogen atom translocation

- HDWR (3)

Cyclization

FG’: (4)

JS-fragmentation

0 R?

-RJLH e

RZ

Lakhdar, S. et al. Org. Lett. 2020, 22, 4404-4407.

v’ Trapping is diffusion-controlled rate
v O-selective trap (Addition of C-radical is reversible. )
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A) Alkyl iodide scope

}I ' H’?LH

4CzIPN (5 mol%)

Substrate scope

PPh3 (3.0 equiv.), i-ProNEt (3.0 equiv.)

CH3CN-H,0 (20:1, 0.1 M), r.t,, 16 h

5

blue LEDs 2-19
MeO,C
(J e SV T
Boc—-N B —N(l/ Boc—N N
H 0oC )
Boc” Bt R OH OH -, ~OH Boc”
2 3 4 5 6 7
86% 85% 90% 65% 62%, dr 3:2 66%
Br.
OH OH OH D/\ OH /(j/\ou OH
O/\ o} S o) Ph
8 9 10 1" 12 13
84% 74%, dr 3:1 73% 63% 99%, dr 3:2 79%
H +—OH
OH 2 8
g\ OH
@V“ e A :
H Boc AcHN
14 15 16 17 18 19
85% quant., dr 3:2 83%, dr 1:1 81% 55% 62%, dr 1:1
B) 1C homologation of high-value alcohols via Appel iodination Me
1 Boc\N
OH O N N
H.,‘ MGO T I \>
- N
N “ rN ‘e Me
Boc” H Boc OH o) OH
22 24 Me 26 OH
propxyphylline N-Boc-nortropine

U

O

$

I\IAe
O N N Boc.
Me Y | \> N
/N N
_N .., ~OH Me
Boc Boc o
OH OH
21 23 25 Me 27

72%, dr 10:1

26%, dr 3.3:1

32%

70%

40%, dr 7:3

epi-tesevatinib precursor filorexant precursor

14
Leonori, D. et al. Chem. Sci., 2021, 12, 10448.



Proposed mechanism

o
O/I . Jjo\ 4CzIPN (5 mol%), amine, PR3 _ O/\OH
Boc” Y H™TH  CHyON-H;0 (0.1 M, 10:1),rt, oln 5 N

1 blue LEDs 2
4CzIPN O/\OH
\ / Boc”
"'m.
SET) + H*
red#:tté\;g ;&egcgllgg \ H a-aminoalkyl radical
p 3% chain propagation
low efficiency
*4CzIPN 4CzIPN™

N
\ / R™SNR, I N o= JL N
SET G Boc” Boc”
- H* . phosphoranyl! radical
o
R” "NR; R7ONR; XAT chain propagation
D E 0 high efficiency
I ,l PR3
Boc” N Rofs R
R S 1 -
2 -, O,
1
—R.P=0 | H,0O _N R-PI
Boc” N 3 l ~ 1 Boc R R
2

Leonori, D. et al. Chem. 5ci., 2021, 12, 10448. 15



XAT by phosphoranyl radical

. I
C 0.2 .Ph ,O.2.Ph
et h e R Y
N
Ph Ph Ph Ph Boc”
L M 1
IP=4.20eV X=-163V Eed=_21V
o' =0.07 eV (vs SCE) (vs SCE)
nucleophilic SET between M and 1
radical is endothermic
. y o ¥
proposed polarised transition state N PR > 3
for XAT activation of alkyl iodides C 55 o

[ Supporting evidence of XAT by phosphoranyl radical
E) Reactivity under “reductant-free” conditions
HCHO (10 equiv.)
I (t-BuO), (50 mol%), PPhs (3.0 equiv.)
Y -
N CH;CN-H,0 (10:1, 0.1 M), r.t. ,O/\
Boc 1 purple LEDs Boc 2
30%

Leonori, D. et al. Chem. Sci., 2021, 12, 10448, *°



SET by phosphoranyl radical

HCHO (10.0 equiv.)
Ir(ppy)s (5 mol %), PPh3 (3.0 equiv)

blue LEDs
69%

oY
©
Boc’N En BF4

HCHO (10.0 equiv.)

Ph / CHsCN-H,O (20:1, 0.1 M), 60 °C, 16 h \

31 \ PPhj; (3.0 equiv), 4-Me-HE (3.0 equiv
Katritzky's pyridinium salt HFIP=H,0 (10:1, 0.5 M), 60 °C, 16 h
blue LEDs
72%

P W  PPhs (3.0 equiv), i-Pr,NEt (2.0 equiv)

7

(\jo\n,N\// HCHO (10.0 equiv.), Ir(ppy)s (1 mol %)
Boc'N »

33

CH3CN-H,0 (10:1, 0.1 M), r.t., 16 h
blue LEDs
42%

) O/\OH
> N
Boc”

2

/ Proposed Mechanism \

E°*=-0.94 V vs SCE E®*=-1.71 V vs SCE

@

Ph BF4
hv
photoredox
catalysis
' o
N
F

c

N@

4 g
hBF

hv
@ hv photoredox
catalysis

(o]}

AT

“R
s R

E°*=-1.63 V vs SCE

\ Y

v" Application to other alkyl radical precursors

v’ Sustain a chain propagation by phosphoranyl radical

Leonori, D. et al. Chem. 5ci., 2021, 12, 10448. 17



0
H" H

RS

§.‘

alkyl
radical

endothermic
radical addition

o »

alkoxy
radical

Short summary

fast O-radical
trap

phosphoranyl
radical

chain propagation

v" New approach for C1 synthon (hydromethylation)

3 o

hydroxymethylated
product

v" Overcome the unfavored addition by trapping O radical with PPh,

v" New reactivity of phosphoranyl radical ; XAT, SET

Leonori, D. et al. Chem. 5ci.,2021, 12, 10448. 18
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Deoxygenation by Photocatalyst

A. Voltage-gated SET activation strategies for functionalization of C-O bonds

y AN AN y
R OH R X
R’é SET SET R/d
5 -~ o —_— o) —_— o
PN A
RJ X ] R™ "OH R X R/u\-)
Oxidative Strategies 5 Reductive Strategies
O 0O O o)
Bug )l\n/OCs
(@)
Ph”  BF3K 5 Cme)L ™S AN oM phCl Ph)J\a
EX =+1.10 V EX =+1.28V E%% = +1.33 V ped=_174Vv 59 =_146V =12V
+1.0V +1.25V +1.5V -1.75V -1.5V -1.25V
alkyl trifluoroborates mixed anhydrides
alkyl oxalates alkyl chlorides acid chlorides
acyl silanes
[fac-r(ppy)al (M)/IV) = -1.73 V
[Ir(dFCF appy),dtbbpy]* (/) /(1)) = +1.21 V Acr*-Mes (P)/(P--) = +2.06 V [Ru(bpy)al* (/1) =-1.33 V

x Activation methods depend on the substrate
x Multistep conversion to activate C-O bonds

x Substrate limitation

» Single strategy applicable to various substrate is required.
Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 20



Deoxygenation via phosphoranyl radical

This Work — phosphine radical mediator (X = Ph or OEt)

or " }-scissi
-4 - - Ao B-scission
Ph” 1 "X o) ,
Ph J\ /'p\ -P(O)PhyX
R OH Ph Fu)hx o

E°X (PPh ) = M
+0.98 V R™®

*access to valuable phosphoranyl radical under mild conditions
activation of C-O bonds independent of substrate redox potentials

v Unique C-O bond activation using phosphine & Photoredox cat.

v" Single strategy to activate various alcohols and carboxylic acids

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 21



Table 1. Reaction Evaluation of Benzylic Alcohols

on
Ph

entry

=T T e Y T I

—_ =
b = O

2a

[Ir(dFMeppy),dtbbpy]PFg (1)
Pphal (p—OMECGH4)282
2,4,6-collidine

PhMe, 24 h
34 W blue LEDs

deviation from standard conditions®

none
no PPh,
no light
no [Ir] 1
no (p-OMeC¢H,),S,
ACN (0.1M), no (p-OMeCH,),S,
2,6-lutidine (1.0 equiv)
no base
Ph,POEt (1.2 equiv)
TRIP-SH (20 mol %)
TRIP,S, (10 mol %)

[Ir(dFCF;ppy),dtbbpy) ]PF4 (2 mol %)

Deoxygenation via phosphoranyl radical

PFg

Ered=0.97 vs SCE

cf. PPh;
E,/,=0.98 V vs SCE

Proposed mechanism

Photoredox

/\

*SAr
/—< Q
ArS SAr A
\/ "
SET HAT HAT
Cycle \
R
PT
™ HsAr
J-scission p(O)phzx
(0]
A Q
HO™ 'R -
— 0" R
—H* P
Ph ™ e
Ph 6hx
B

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 22



Substrate scope @

Table 2. Benzylic Alcohol Scope”

[Ir{dFMeppy).dtbbpy]PFg (1)
PPhs, (p-OMeCgH.)2S2

2 4,6-collidine ‘/‘@ H
PhMe, 24 h
34 W blue LEDs 3ap

FsC NC MeO,C

3d: 63% yleld

o

yleld 3b: 59% yleld?

3c: 52% yleld

3e: 66% yield® 3f: 74% yield 3g: 82% yield 3h: 30% yield
Cl \©/\H MG\Q/\H /@/\H /©/\H
Me MeO
3i: 67% yield 3): 68% yield 3k: 63% yield 3I: 59% yield
H H
@\/‘H CL/‘H /@AME ,@)\ Ph
Br Me Cl MeQ

3m: 83% yield 3n: 66% yield 3o: 30% yield 3p: 47% yieldsd

Table 3. Aromatic Acid Scope”

o [Ir{dFMappy).dtbbpy]PFg (1) O
PPhs, (OMeCqHa),S;
> “OH » H
PhMe, 24 h
34 W blue LEDs
48-8 Ba-5
OMe O 0
MeD OMe M Ph
5a: R=Me B0% yleld® 5c: B1% yield®  5d: B6%yield  5e: BB% yield
5b: R=SMe 94% yield
0
Sea @ﬁ joo,
MeM Br Me
51: 33% ylnld" 5g: 88% yinld -,duld' 51: 62% ylald®
Q
ping Ac Mel.C
Sj:37% yield® g 719 yield®  S1: 78% yield® Sm: 80% yield®
0 0 0 0
OAc M‘H HO NG
5n: 82% yield 50: 94% yield 5p: 59% yield? 5q: 38% yield®
Me M
N%I -] H
R 0
»@)L ~ "‘—@23
N
MBNN N
“Me
5r: 68% yleld® 58: 80% yleld

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 23



Deoxygenation of aliphatic carboxylic acid

Table 4. Aliphatic Acid Optimization
[Ir[dFMeppy).dtbbpy]PFg (1)

0 Ph,PX, TRIP-SH o
2,4,6-collidine
OH - H
PhMe, 24 h
ca 34 W blue LEDs 28
entry Ph,PX, [M]“ % yield”
1 PPh,, 0.1M 4%
2 Ph,POEt, 0.1M 43%
3 Ph,POEt, 0.02M 60%
4 Ph,POEt, 0.0133M 68%
5 PPh,, 0.0133M 8%

PPh, 1.19 v" Tune Ph,PX to avoid over-oxidation
PPh,(OMe) 1.21
PPh(OMe), 1.49 v’ Dilute conditions help B-scission bfr oxi.
P(OMe), 1.87

J. Phys. Org. Chem. 2013, 26, 1090-1097

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 24



Substrate scope @

Table 5. Aliphatic Acid Scope”

[Ir(dFMeppy).dtbbpy]PFg (1)
Ph,POEt, TRIP-SH 0

Alk’LOH 2,4,6-collidine, PhMe, 24 h AIkJLH
6b-k 34 W blue LEDs 7b-k
0 (o} 0O O
(o]
7b: 60% yield 7c: 56% yield 7d: 55% vyield
F 0 Q
F
\ mm\NH D Ph OJL .\‘JL H
H ‘
N. !Bquc)\/lLH VAR A 10
r
7e: 54% yield 7f: 25% yield® 79: 41% yield®  7h: 43% yield?
Me
OMe
O)k OH d o)
= H
O oH Me
7i: 64% yield? (2)-7j: 72% yield 7k: 45% yield

Scheme 1. Intramolecular Cyclizations”

Carboxylic acid

0

OH
X

Me

Ba:X=0
B8b: X = NPh

L
=

Hom/\)LPh

0

0]

af

0

Aromatic acyl radicals®
Product Carboxylic acid Product
0
OMe
(£)-9a: 93% yield (x)-9¢c: 84% yield

(£)-9b: 50% yield

cécf‘wcﬁ%

(£)-9d: 53% yield (x)-9e: 58% yield
- Aliphatic acyl radicals®
O
tk é\, Ar &\Ar
(£)-91: 43% yield (2)-9g: 44% yield
9:1 E/Z

v’ intramolecular cyclization (Aromatic & Aliphatic)

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 25



Short summary

This Work — phosphine radical mediator (X = Ph or OEt)

s

R YOH =

@ or o /il\ B-scission
Ph” 1 X 0 R® O
Ph R P -P(0)PhpX
LS
Ph™1 X
R OH Ph O
EoX (PPh ) = i
9

+0.98 V R

*access to valuable phosphoranyl radical under mild conditions
activation of C-O bonds independent of substrate redox potentials

v Unique C-O bond activation approach
v’ Access the corresponding radical from alcohol and carboxylic acid

(Aromatic & Aliphatic)
v" Tunable mediator ( PPh; - PPh,OEt)

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 26
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Anti-Markovnikov Hydroamination of Olefin
[0 JACS ASAP paper

0, .0 : ,-\ 0,0 7 |
KS‘N'H + 'l\ . — F"R3 |r H. — /S....N . {__
| . J\r' T 1
H : H H
o, 0
HHNtS\.\ i i
| o.-scission NS,
RIJ.._P . - XS‘N
R | _PR !
R > H

® N-H bond activation e «o-scission leads to phosphine tur nover e 27 examples

v" New synthetic approach using a-scission
v" Dual catalytic system; phosphine & photoredox cat.

Doyle, A. G. et al J. Am. Chem. Soc. 2021, ASAP. 28



Optimization

0, 0 phosphing (X maol%)
S“NH photocatalyst (2 mol%) o, 0
/©/ ‘ TRIP-SH (10 maol%) 5~N-”""E“
t-Bu - |l|
1 base (10 mol%) t-Bu
* PhCF4 (0.2 M), rt, 15 h 2
A~ Me Blue LEDs
entry® phosphine (mol%) base photocatalyst yield (%)"
1 PPh; (10 mol%) Lutidine 3 12
2 F{4-MeQCgH, )5 (10 mol%) Lutidine 3 12
3 P(4-CF3CgHy)s (10 mol%) Lutidine 3 0
4 PMe, (10 mol%) Lutidine 3 34
5 PEt, (10 mol%) Lutidine 3 41
& P(t-Bu)g (10 mola) Lutidine 3 37
7 PCya (10 mol%) Lutidine 3 46
8 PCy; (10 mol%) none 3 46
9 PCys (10 mol%) NBU,OP(0){OBu); 3 32
10 PCy; (5 mol%) none 3 60
1 PCy (2.5 mol%) none 3 63
12° PCy, (2.5 mol%) none 3 87
13 PCy3 (2.5 mol%) none 4 0
14 PCy; (2.5 mol%) none 5 49
15 PCy, (2.5 mol%) none 6 10
167 PCy; (2.5 mol%) none 3 79

2.0 equiv of olefin (entry 12)

PFe

R1

\ /" \\ /

A. Proposed catalytic cycle

0P
s

o+
“""NH,

D R” PQ;'?R ‘\\

B SET

a-scission
O,

3:R"=tBu,R?=Me,R3=F
Ir'*1M'=+0.97 V vs SCE
4:R"=t-Bu,R?=H,R3*=H
Ir'*Ir" = +0.66 V vs SCE
5:R'=tBu,R?=CF;, R¥=F
Ir'/1M = +1.21 vV vs SCE
6:R'=CF;, R?=CF4 R*=F
Ir'*I1" = +1.65 V vs SCE

/—/—\“ﬁ "

il

Photoredox [P
cycle }' SR \

SET PT

Neol w )

‘SI'O cycle
NS P *SR" HSR"
Ru b R VR I H
R” | \_/ \ /
R \_</ A
HAT
c TN
0, .0 ZR 0.0 o, 0
St/ — > ST o~ R sl R
~ ~ ~ -~
w N NTY
H H H H
E F G
29

Doyle, A. G. etal. J. Am. Chem. Soc. 2021, ASAP.



Optimization

B. Phosphine speciation pathways

- R“h'é . p_ lﬂ# S~ K
" v
. R™ | iv P
N'R
R R R
O\\ ,,D
'+ sulfonamide = N’S‘ — NHSO, "
P... = — = - P...
- \uR n.P . -~ \rrR
R™ R i R” | v SN
B R ¢ A
Z R R o, .0
_ R . H : #
then HAT I)\H ‘NS
> @ J : - Ié’ L
fii R’PQ;R vi R” R

Doyle, A. G. etal. J. Am. Chem. Soc. 2021, ASAP.
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0, 0

’ LI NG
Ar~S NH; . J\*

1
1.0 equiv

ArQzSHN

Nzé

79% yield

Substrate scope

PCys (2.5 mol%)
photocatalyst 3 (2 mol%)
TRIP-SH (10 mol%)

D

’1
5.

\a,

1.0 equiv

PhCF5 (0.2 M), rt, 24 h
Kessil Lamp

ArO,SHN ’\D
H

9
78% yield

Y-

ArOQSHN/\O
H

10
80% yield

I-=Z

A.I’OzSHN ; ATOZSHN : A[OzHSHNQ Ar023HN$

11
74% vyield

16
32% yield®

67% yield

Me MEMS

ArOzSHN'Q AFO2SHNX‘|L
by Me H

10% yield®

12% yleld

18
63% yield

14 trans: 16% yield

15 cis: 20% yield

N
Me Jﬂ\rD;,SHN’(;|3 ArOgSHN"\r Q
H H O

19
50% yleld

NBoc
ArQ-SHM ArQ-5HN ArQoHSHN
H H H

23% yield
55% yield?

R
ArO,SHNT M),

H

40% yield

22
59% yield

R 23:Cl 24:0H 25: CO;Me

Yield 44% 70%

67%

PCys (2.5 mol%)

0. .0 photocatalyst 3 (2 mol%) 0, .0
¥s” + @ TRIP-SH (10 mol%) piH
R™ "NH; > RT N
PhCF; (0.2 M), rt, 24 h H H
1.0 equiv 5.0 equiv Kessil Lamp
o‘\ ,’O Q\ I’O O\\ I’O
@,S-.r:rcy /©/3-':rc}’ /@’s‘fﬂﬁcy
H MeO H F H
26 27 28
83% yield 74% yield 85% yield
54% yield®¢
O“ ’IO 0\‘ '10 Q O
1 ]
: A
FiC af \ H
29 30 3
16% yield 70% yield 54% yield
A ¢ ’p 0\\ (,0
Me\':rSw.Cy .3 N I,"‘,IE,S“':I.C:';.r
Me H H
32 33 34
75% yield 68% yield 89% vyield
21% yield®c

v' Medicinally relevant motifs
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Mechanistic study®
[0 Alternative mechanism; PCET pathway

O, .0 |I|
fsﬁ-l}l + R- !:)@R
H R
E

C. Stern-Volmer luminescence quenching experiments

8

]
#
’

.
- ‘
PCY:‘
PCyj + Sulfonamide 1 (10 mM)

| | | |
1 2 3 4
PCyy Concentration (mM)

5

2
o 1 —¢
E 3 $ s -
£ PCya (1.0 mM) + Sulfonamide 1
0 [ T [ |
0 1 2 3 4 5

Sulfonamide Concentration (mM)

v' PCET pathway is not operative.

Doyle, A. G. etal J. Am. Chem. Soc. 2021, ASAP.

32



Mechanistic study®
O Alternative mechanism; reductive elimination

R 0, 0
fS'\_
d_‘a H2N _ _
- P """""""" b
R=,~ ' O, .0
R R _H* : H. ;\ /:
J E. Il\lrﬁ) O\‘ ’JD
----- R .. - S, f“vw
S P N
N™™ A R R
Rr.—,._lp """""""" JI o -
R” | then HAT P(V) intermediate
R
C
PEt,; (XX mol%) Not detected
o o [Ir(dF (Me)ppy),(dtbbpy)]PFg (2 mol%) 0. O o. 0

Vg TRIP-SH (10 mol%) vg¥

s"‘NH;g + MME g QS\TWMG ’ /©/S\|\'JAM9
Kessi ) Ph (0. .24
- | essil Lamps, CF;Ph (0.2 M), 24 h Bu H t-Bu H
i A :

Doyle, A. G. et al J. Am. Chem. Soc. 2021, ASAP. 33



Mechanistic study®
0 Catalytic performance of by-products

D. Catalytic performance of isolated P-derived byproducts

0, ,0
Ar,sh NFH + ff\”_au
1
H
1
ONP
H. .S
RO
P
cy” “Cy t-Bu

catalysts: L-1
0% yield

catalyst (2.5 mol%) G‘&S{"D 5
- o n=-ou
Ar N
std conditions® - ’\I’
H H
2
0. .0 n-Bu
-S<
L L o o
Cy~/~cy Me Cy~/~cy Br
Cy Cy
K-1 J-1
0% yield 0% yield

Doyle, A. G. etal J. Am. Chem. Soc. 2021, ASAP.
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Summary

i R
A, . A
. - > R

endothermic fast O-radical chain propagation
radical addition trap
alkyl alkoxy phosphoranyl hydroxymethylated
radical radical radical product
This Work — phosphine radical mediator (X = Ph or OEt)
o\\ ’/O H . ( ) O“ "O Y
/8 /s-h'IfH + ’,—&*,-‘ —_— PR3 Ir H — /S..r:] g S
R”YOH = R 4 : n bl
or i B-scission
Ph X 0 R0 0, ,0
Ph /|5\ —P(O)PhX H. 8%
R” “OH Ph™ 1 X 0 N a-scission o, .0
B (PPh) = i I N
3 J\-: Ru. P > ~Ss N
+0.98 V R R” I
FI{ - PR H
~access to valuable phosphoranyl radical under mild conditions

«activation of C-O bonds independent of substrate redox potentials

® N-H bond activation e «-scission leads to phosphine tur nover e 27 examples

v' Tunable mediator to generate valuable radicals
v Quickly advancing area in synthetic chemistry

v' Open up a new innovative radical reactivity! 35



36



Appendix



History of phosphorayl radical

Early reaction via Phosphoranyl Radical (1950s)

Hoffmann and co-workers® recently have reported
a remarkable reaction between mercaptans and tri-
alkyl phosphites occurring at elevated tempera-

RSH + P(OEt); —> RH + SP(OEt); (1)

tures, or photochemically at room temperature.

v Proposed as an intermediate of desulfurization rxn. 3 sj/

.-'P"'\
EtO™ |
OEF -

v’ Later, P-centered radical was detected by ESR.

phosphoranyl!
radical
Hoffmann, F. W. et al. J. Am. Chem. Soc. 1956, 78, 6414-6414.
Walling, C. et al. J. Am. Chem. Soc. 1957, 79, 5326-5326. 3%



Brief history of phosphoranyl radcial

[0 Before the development of photoredox catalyst
x Hard to generate radicals in mild conditions

x Further oxidation under stoichiometric conditions

[0 Photoredox catalyst mediated reaction (2000s")

/N R\
PC R-X" )I( B-scission ﬁ
P""" r iy > hh“ P > P"'lu
“\ radical addition ' I \t -\
i : R
| PC -+ - f
___.—P{lru —
SET nucleophilic
_ i addition

Doyle, A. G. etal J. Am. Chem. Soc. 2021, ASAP.  3°



Structure of phosphoranyl radical

- Vi
% ;If % +|!= 'L‘s Z
« 2mZ . Z N!
_P..t Z—P"“Z . ”‘Z N Z
7 Z O.-;,Q
| TBP, Il TBP, m o IV ligand i

J. Phys. Chem. A 2005, 109, 10013-10021. 20



Energy

Radical stability explains the reactivity

Xe, L =

RO .

Phe

MEEN .

Me.

Et .

FPr«

tBu.

PhCH, »

1 .. irreversible
... reversible
[] ...no addition

- ZDW
Xe + Z—F'\ A
OR'
X » OMe
P B .
—— 7 OR' R' = Me, Et
X =Ph, H—Q
Ze ‘=
OhMe -Mes , Ebs
i‘/
X'—F'\ cC
OR'
Substitution product 0
N Y
L
Arbuzov product z OMe

Reaction Coordinate

J. Am. Chem. Soc. 1997, 119, 1388-1399.
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Today’s Contents

1.Introduction: What is phosphoranyl radical?

2.Application
— O-radical trap (C1 synthon)
— unique C-O bond activation
— catalytic a-scission pathway
(hydroamination with sulfonamides)

3. Summary

42



Halogen-Atom Transfer using aminoalkyl radical
4 )
WSV
ap— O
T e B

alkyl & aryl halide (2.0 equiv.) blue LEDs \_ 4CzIPN J
(1.0 equiv.)

0 Previous report

EWG X=I* X=Brt

Me z
13: CN 93%  70% |
,j/\/EWG 14: CO,Me 90% 56% ,f\/COzMe ,j/\|/002Me ,___r\(B(Pin) ,j/\/[Nj ’tr&o
N 15: CO,H 63%  40% N N Me N Ph N N
Boc

4 7’ / 7/ 7/
Boc 16: C(O)NH, 80% 61% 5% .9 Boe” B & e
17: C(O)Me 73% 50% X=1:91%" X=1:quant* X=1:89%" X=1:98%" X=1:66%"
18: P(O)(OEt), 88% 53% X =Br:73%! X = Br: 48%" X =Br:19%% X =Br:53%" X =Br:66%"
By ) PN @\ Ph ///ﬁ)\ cn/\5\
)\/j\ EL Boc. Boc.
Boc. ~“coMe B N“Scome B N~ScoMe B°°‘N coMe BO° CO,Me rld CO,Me N~ ~CO;Me N~ ~CO;Me
1 1 1
Boc Boc Boc Boc Boc Boc Boc Boc
24 25 26 27 28 29 30 31
X =1:quant* 86%* 96%* quant" 66%* X = Br: 40%* 34%* 55%*

[91% gram-scale]

X = Br: 42%" MeO
Me.
(pin)B Megsi/j\ CF3/j\ /(O_..
Boc. ““come B N“Scome B Nco,Me B°°“ COzMe Boc. ““come BoN““come BOS-y oc-N

CO;Me CO,Me
1 1 1
Boc Boc Boc
32 33 34 35 36 37 38 39
53%% 80%" 78%* 70%*, dr 3:2 42%$ 55%$ 53%3 22%8

Leonori, D. et al Science 2020, 367, 1021-1026. 43



Halogen-Atom Transfer using aminoalkyl radical

] Previous report

A 4CzIPN (5 mol%), EtyN (2.0 equiv.)
, g o e e o i
. .0 equiv. -
¢ ‘T 3 P 2 s q ;- ¢ ‘\]/\, ‘ '_,\r.\./n ﬁ'l__. r,—\r'\rk
LN DMF (0.1 M), r.t.. 16 h b et O Lo ce
alky! halide (1.0 equiv.) blue LEDs ~ i el
(2.0 equiv.)
R R Br
51. tBu B1% (X =8r,61%)
X 52. OMe 58% = x B(OH),
N 53 COH &8% N N Boc”N
Boc 54 NH; 36% EZ=671 °F 56 Gac 57
PR 79% 71%
o
'j/\/(j m q§/ Si(Me), O/\|r = O/\/ r:r\, 'T\/ Ar
Boc” N 62
52% 50%, EZ = 16:1 75% 42% 70%
from sily! encl ether methoxsalen
o Ar oMe
@\/ HO A A C'\/\/\/‘" NAA ""35'\/\/“' CRana AT PRO A A AT
o8 9 7 73 74
76% 78% ws 67% 43% 70% X =Br:40% m
B i-Pr,NEt (4.0 equiv.) o 3
l K2S;0s (20 equiv) S
* Q via —_— 0
DMSO-H,0 (3:1) (0.1 M) @
atkyl & aryl iodide (1.0 equiv.) 70°C.2h
(2.0 equiv) X X
OHC,
Y caft att caft _Q y »\ 4
cat= 4 f J rf 'j’( "
i-( : N lioc‘N PhO\/\“" ! N H
“. Me  Boc 76 78 Boc” 8
0 70% 45% 56% 41%' 30%’ 40%
N cl NC
N=? N .
B ) l ,] » f Y Ph
. N N Z
N i N - I :
N Me N H N N Br ®  Ne ® NC N
84 Boc” 85 oc” 86 87 88 89 90 91
768%5 83%35, 4:1 50%9 44%S5, (omp = 6:3:1) 45%,%5 B4%+5 34%3% 59%5, (omp = 5:2:1)

Fig. 4. Application to olefinations and arylations. (A) Scope for olefination of alkyl icdides and alkyl bromedes, dmg, dimethylglyoximate: DMF, dimethylformamide,
(B) Scope for the C~H alkylation and arylation of aromatics. All yields are isolated. *1c was used as the amine. tMesN was used as the amine. $BusN was used as the amine
§The reaction was run with 50 equiv of the arene. DMSO, dimethyl sulfoxide. Astenisks in structures indicate the position of the minor constitutional isomer.

Leonori, D. et al Science 2020, 367, 102141026.

¢

/\
OO
9FRE

\_ 4CzIPN /
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Application to Cl-synton

[0 Addition to formaldehyde is reversible and endothermic.

C) Mechanistic challenges in radical addition to HCHO vs CO [B3LYP-D3/def2-TZVP]

Y ezo Q::J"LH A:O\SJ‘J

A
AG° (kcal/mol) -0.7 4.8
1 B reversible radical addition
AG* (kcal/mol) 10.2 9.9 W A.fission s ¢ 4
-fission is favoure
d(C-C) (A) 2272 2.196 P

Chem. Sci., 2021, 12, 10448.
45



Trapping reagent Phos. vs Borane

radical XsM k,M—-1g-! source
1-BuQ-  PhyP 1.9 X 10° |laser photolysis
MeO- PhsP 5.1 X 10% |pulse radiolysis
1-BuO-  P(OEt); 8.1 X 108 |ESR competition with
P cyclopentaned-
1-BuO.  PEt, 1.2 X 10° |ESR competition with
P(OEt);¢
t-BuO-  Ph;iB 1.0 X 108 laser photolysis
1-BuO-  n-Bu;B 1.5 X 108 ESR competition with
cyclopentaned-4
B t-BuO.  i-Bu;B 5.1 X 10° ESR competition with
cyclopentanea-4
t-BuQ-  sec-BuiB 1.5 X 10 ESR competition with

cyclopentane?-4
1-BuO-  (MeBO); 1.0 X 107 ESR competition with
cyclopentane?.9

Small, R. D. et al. J. Am. Chem. Soc. 1979, 101, 14, 3780-3785.
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Direct reduction of carboxylic acid to aldehyde

A) Classic synthesis of aldehydes from carboxylic acids

O,.
/\Oﬁf Alcohol 0%,
O 0
QL 7

(3) Desirable, but challenging o j.)L
R R H
Vaffo du(;’uﬁn
7 R
X = Cl O ' NR‘R"

(2)
Non-substrate-specific strategy is required.

Chem. Commun., 2017, 53, 10228 45



Deoxgenation reaction

AN : AN
R™ "OH  PArX @ R/g terminal HAT R™ H

or >  or or —» or

o hv o  radical cyclization o

.- oo A
Y=H,C,O,N
ubiquitous direct activation up to 97% yield

functional groups of C-O bonds >50 examples

C-O bond activation via phosphoranyl radical

C. This Work - phosphine radical mediator (X = Ph or OEt)

AN
9 R” “OH 0
or AN
Ph” L X o) R™ O
Ph M A
R” “OH Ph” 1, X
£ (PPh ) =
+0.98 V

ACS Catal. 2018, 8, 11134-11139. 49



Proposed mechanism in the presence of ArSSAr

nr')"L\
/

*SAr
o (5
ArS—SAr A
\/ 3
Photoredox HAT
Cycle SET Cycle HAT
\ \ 0
(1) U‘Qa

SET / \ HSAr
\ f-scission | P(O)PhoX
0 '

A o
HO” "R A
p - 0" R
Ph” 1 X -H* ‘P
Ph Ph” 1
Ph
A B

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 50



Proposed mechanism

D. Mechanistic proposal

: o' PT
(1) i
-SAr HSAr HZ SR
_/- 3a
Photoredox HAT
Cycle SET Cycle HAT
/ 9
'["”'] [Ir"] ,:.)QR
N SET +SAr
/ B-scission [ P(O)PhoX
S 0
A ¥
HO” "R
Ph’?“‘x Ph’?“x —H* - . ?AR
Ph Ph Ph” 1™ x
Ph
A B

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134-11139. 51
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Memory effect

t-BuO-* + (t-BuO);P — [(¢-BuO),P-]* —
(¢t-BuO);PO* (4)
73% of label

Acc. Chem. Res. 1982, 15, 117-125. 53



Phosphine screening

BN} (10 mol%)
[Ir[dF (Me)ppyipidibbpy PF (2 mol%)
TRIP-SH {10 molt)
Lutbicine (10 mol%s)

o
"MHy - N e T
/@’ 2 M - /@’ N
By Blue LEDs, CF4Ph (0.2 M), 15 h 8o

[ ] Me B
i P Me O\F' ::""’L‘ P"'](E:::
b G A e

4% 41 46% 3T%

0o OO @@Q

5 <

O

12% 12% T

QL0 @LQ QO
O < <

14% % 1% 35%

e Qe B
Mo @ @

34% 1% 40%

Doyle, A. G. etal. J. Am. Chem. Soc. 2021, ASAP.
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