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I Introduction
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Frustrated (adj.): feeling annoyed or less confident because you cannot achieve what you want

Melen, R. L., et al. Angew. Chem. Int. Ed. 2021, 60, 53; Lin, S., et al. J. Am. Chem. Soc. 2023, 145, 19478; Jiao, N., et al. Chin. J. Chem. 2024, 42, 1157.



Piers 2011, proposed mechanism

I Generation of FRPs
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Piers, W. E.; et al. Inorg. Chem. 2011, 50, 12252; Stephan, D. W., et al. Chem 2017, 3, 259.
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Generation of FRPs

Slootweg 2020, photochemical SET generating FRPs from FLPs

UV-vis spectra EPR spectraz'og
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Slootweg, J. C., et al. Chem. - Eur. J. 2020, 26, 9005.




I Generation of FRPs

Slootweg 2020
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Stephan 2018, substrate-assisted SET generating FRPs from FLPs
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Wang 2023, substrate-assisted SET generating FRPs from FLPs
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Slootweg, J. C., et al. Chem. - Eur. J. 2020, 26, 9005; Stephan, D. W., et al. Chem. Commun. 2018, 54, 7431; Wang, X., et al. CCS Chemistry 2023, 5, 334. 7
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Stephan, D. W., et al. Chem 2017, 3, 259; Slootweg, J. C., et al. Chem. - Eur. J. 2025, 31, €202403885;
Slootweg, J. C., et al. Chem. - Eur. J. 2020, 26, 9005; Wang, X., et al. CCS Chemistry 2023, 5, 334. 8



I Reactivities of FRPs

Stephan 2013, C-H bond activation
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Cornella 2022, O-H/N-H bond activation
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Stephan, D. W., et al. 3. Am. Chem. Soc. 2013, 135, 6446; Cornella, J., et al. J. Am. Chem. Soc. 2022, 144, 16535. 9



I Reactivities of FRPs

Manked 2022, C-O/C=0 bond activation
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Mankad, N. P., et al. J. Am. Chem. Soc. 2022, 144, 3210.
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FRPs in Alkene Functionalization

Melen 2020 o
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Melen, R. L., et al. Cell Reports Physical Science 2020, 1. What would happen if a radical acceptor were used?



FRPs in Alkene Functionalization

PMes; (1.0 eq.)

B(CeFs)s (1.0 eq.)

(0] RZ
R'" *
AI"1JI\O/ Ar2
1.0 eq. 5.0 eq.

radical acceptor

Selected substrates
F

52% yield

@
O C

63% yield

>
THF (0.2 M) 2
70°C,7h Ar

67% yield

JC
o C

61% yield, 6:1 Z/IE

Melen, R. L., et al. Cell Reports Physical Science 2020, 1.

R2
> 30 examples
up to 85% yield

Proposed mechanism
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FRPs in Alkene Functionalization

Ooi 2020, a,B-unsaturated ketone funtionalization o
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Ooi, T., et al. Chem. Sci. 2020, 11, 4305. 14



I FRPs in Alkene Functionalization

Zhang 2023, FRP-catalyzed alkene carbon halogenation
B(C6F5)3 (20 mOI%)

Ph,NMe (20 mol%) X
RN *+  RX >
CDCI; (0.2 M) R1
Blue LEDs, RT, 3 h
1.0 eq X=1,Br > 30 examples
) ) 1.2 eq. up to 96% yield
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| “\\'\/C4F9
C4F9 /O Me
Me

95% yield 95% yield

B
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Me 3
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Zhang, Y., et al. Org. Chem. Front. 2023, 10, 3861.

Proposed mechanism
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FRPs in Alkene Functionalization
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Shaver 2023
m n m n
Ph _ _ Ph
FRP could be installed in polymers!
Me—Si
-+
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O ~Si—Me ~Si—Me
F F F
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FF F F - g F*F F F - g
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Ar O E
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PAN (1.0 eq.) : F 3 N (5 mol%) E 3
c e e, L N e -
THF, 70°C,7h Ar Ph:  FC” I Toluene, RT  F4;C "Hex
Ar = p-FC¢H, CF, ' Blue LEDs, 24 h
1.0 eq. 5.0 eq. 10.3% conv. E 1.0 eq. 1.0 eq. 95.3% conv.

Shaver, M. P., et al. 3. Am. Chem. Soc. 2023, 145, 24294. 16
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FRPs in sp

3 C-H Activation
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Lin 2023
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\ y,
Mechanism experiment EPR spectra
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TEMPO*BF, (1.0 eq.) — HPDS = N(SiPhs),
LiHMDS (1.25 eq.) ) =
/A Ph TEMPO (20 mol%) TEMPO radical-clock g
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5.0 eq. 65% yield =
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\N/ o e
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| -~ N \
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FRP precursor FRP precursor Field (G)

Lin, S., et al. Nature 2023, 619, 514.



FRPs in sp® C-H Activation

Divergent site selectivities

TEMPO*BF,” (1.0-3.0 eq.)
LiIHMDS (1.25-3.25 eq.)

(o] Me
TEMPO (20 mol%) NT TC(sp’) MeG _Me Me;Si _SiMe; Ph;Si<_ _SiPh;
(sp®)C—H > Y N N
PhCF3 (0.1 M), 21 °C, 30 min l .0
t [ ] [ ] L[]
X eq. > 40 examples BuO HMDS HPDS

Selected substrates

@

with TEMPO*BF,” (1.0 eq.)
LIHMDS (1.25 eq.)
x = 5.0, 42% yield
x = 20.0, 60% yield

(D/M(e
with TEMPO*BF,” (1.0 eq.)

LiIHVDS (1.25 eq.)

x =5.0, 70% yield

Lin, S., et al. Nature 2023, 619, 514.

up to 87% yield

Me

Me
Me

Me
with TEMPO*BF, (1.0 eq.)
LiHMDS (1.25 eq.)

x = 20.0, 60% yield, 12:1 rr

good site selectivities!

-\
(0

(-)-Ambroxide

with TEMPO*BF, (2.0 eq.)
LiHMDS (2.25 eq.)

x =1.0, 66% yield, 1:1 dr

%Vpur(3.5 A) = 35 %Vpur(3.5 A) = 52 %Vpy(3.5 A) = 66

)

Increasing steric hindrance

Me
Me
Me
Me '
v"H “l
100{ e A 100 IR
80- 80 ' )
60 - 601
40 401
20 20
0 ' ' T 0 T T
‘Bu0® HMDS®' HPDS® HMDS® HPDS"
Yield: 54% 37% 44% Yield: 74% 47%
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FRPs in sp® C-H Activation

Lin 2024
Generating carbon radical through B-scission
TEMPO*PFg (2.0-3.0 eq.) . o
HO o KHMDS (1.75-2.75 eq.) 0 Rr
Ph,CO (35-55 mol%) R
> > .
PhCF; (0.067 M), 0°C, 2 h B-scission CH,
n O-H activation n n
1.0 eq.

TEMPO*PFg (2.0-3.0 eq.)
KHMDS (1.75-2.75 eq.) o'

R Ph,CO (35-55 mol%) _ ngﬂ/\ _ RO -
CH
R?knn/\ PhCF; (0.067 M), 0 °C, 2 h R? "X (n+3)-exo-trig RP<NE— 2

O-H activation

1.0 eq.
n=0,2
------------------------------------------ Generating carbon radical through 1,5-HAT  .----
TEMPO*PFg (2.0-3.0 eq.)
,OH KHMDS (1.75-2.75 eq.) ;OH
RBK/\(H Ph,CO (35-55 mol%) */\( R
R? R2 .
3 PhCF; (0.067 M), 0 °C, 2 h 1 5-HAT 3
R O-H activation R
1.0 eq.

Lin, S., et al. J. Am. Chem. Soc. 2024, 146, 19696.
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- R
Radical trappin
pPINg ~ “OTEMP
> 20 examples
up to 90% yield
TEMPO’ r! O OTEMP
Radical trapping  R? 4
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up to 86% yield

TEMPO' RL]
- ;i\v/A\T/OTEMP
R
Radical trapping
10 examples
up to 67% yield



I FRPs in sp3 C-H Activation

B3LYP-6-31+G(d)
cate

UV-vis spectra

~ 08 _
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08

l; 04 | catH An intramolecular FLP
S o generating

= 02 through deprotonation
W eeece,
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wavelength(nm)

Ooi, T., etal. J. Am. Chem. Soc. 2024, 146, 20425.
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-
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An intramolecular FRP from an intramolecular FLP 21



FRPs in sp® C-H Activation

Ooi 2024, Intramolecular FRPs

XH o)
oo+
Ar'” H R” MAr2
3.0 eq.
X = 0, NBoc 1.0 eq.

Selected substrates

OH
OH

Ph
Ph

48% yield

NHBoc
OH
Ph
Ph

77% yield

cateH (5 mol%)

470 nm LED X
> 1 OH
DMF (0.1 M) A /H<Ar2
40 °C, 2-4 h R
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up to 85% yield
OH
OH
Me
Ph
Cl

36% yield, 1.1:1 dr

NHBoc
N OH
AN
| Ph
s Ph
42% yield

Ooi, T., etal. J. Am. Chem. Soc. 2024, 146, 20425.

Proposed mechanism SH
OH BDE (C-H) © F  BDE (S-H)
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OH
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Ph F F
Ph _B.
s/ “Mes | Mes” “Mes
~ Intramolecular FRP ~
S.
Ph * "Ph F. F
PCET
F Y..F.__.... .. Poor
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A, - -
Ph Ph

Eoxireq = =1.87 V (vs SCE)
on/red =-1.85V (VS SCE)
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FRPs in Cross Coupling

Morandi 2024

LiHMDS (2.5 eq.)

R! H PPh.*Br-
\I/ 3 + X/\R3

R2

80°C,16 h

X=Cl, Br, |, OTs

1.0 eq. 1.5 eq.
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Cr\/\/\/"h

X =1, 81% yield
X = Br, 79% yield

o

X = Cl, 32% yield
X = OTs, 62% yield

Morandi, B., et al. Nature 2024, 636, 108.

> 30 examples
up to 84% yield
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- e O
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FRPs in Cross Coupling

Mechanistic experiments UV-vis spectra

2.9

PPh;"Br  LiHMDS (1.5 eq. )
L|HMDS + AdPPh;Br

Ph

Q—P(C6D5)3+Br'

-+

é

2.4

dioxane, 80 °C, 16 h .
Formation of
43% yield 19 / \\frustrated ion pair

1.4
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| :
/\Qq N HAT of carbon radical \
Y ) andHfrom Phyp \ 04 L|HMDS
No 76% yield =
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;g
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:

PPh;*Br >
O’ 3 Br TEMPO (1.0 eq.)
trace
Radical trapping
+ experiments PMP
NN Standard condition
Ph | >
%\ Ph
PMP - + 0
(5.0 eq.) 21% yiel SET from HMDS" to RPPh;* |y

LUMO

Morandi, B., et al. Nature 2024, 636, 108. 25
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Generation of FRPs Reactivities of FRPs

< | Thermal SET / Chemical bond activation
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I Outlook
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383, 537; Lin, S., et al. Nature 2023, 619, 514.

Hu, P., et al. Science 2024,
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Ar = p-CgHsF

43.2

I A p p en d | X A™+ MesgP* * Ar! = p-CgH,4CF

Mes = 2,4,6-CgH,Me3

®
Mes;P—CHAr;

Grimme, S., et al. Chem. - Eur. J. 2024, 30, e202303901.
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(@)

k4

\N/ \.+/
hv
+ BCoFsh T [ ] + BlCFoh H D 74%D
dark S S
Br 2 Br 2* N~ “TMS 0 N
(b) © 1y B(CeFs)s (10 mol%) O
2 % Et,0/MeOD (10/1)
£ — 2+B(CgFs)3 + hv . 4 16 h
g — 2+ AgSbF 1b (3 esanIv) ) )
:

Sim.
M MMMMWWMWW\WWNW Scheme 1 Deuterium incorporation experiment.
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enpem I e 6 (10 mol%) /\/\g/

405 nm LED
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| (10 equiv)
i O Br 2 3a Br 4a 31%
iAWt | [0 % without LED]

322 324 326 328
magnetic field (mT)
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e Cl
J'Pr Me
Halogenation Electrochemical elimination
Me m——o < >
MeO,C H Selectfluor or H,0, TFA, TBACIO, |
F TCCA C(+)/Pt(-) H
43: 54%°, (13:1 d.r)) 44: 62%° Me Me 45: 529%b 46: 62%' (E/Z = 3.6:1)
Me
Me
HO,,
OH H
Deuteration Reduction
PhSH, D,O, A Zn Me
Weak C-0O/N-O bonds
47: 74%, (96% D) Versatile synthons 48: 71% 49: 91%
Me
O Me OTBDPS
oh Nu Nucleophilic Me 0 iPr
substitution Oxidation O
"" Me '.r,.
[Ir], NuH, hv (ref. 49) mCPBA Q Me
H
NuH = indole, TsNH,, Me' Me ©
ROH, TMSN3;, RBF;K and so on 50: 81%" 51. 75% 52: 85%

Lin, S., et al. Nature 2023, 619, 514.
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@

TEMPOBF, (1.0 equiv)
LIHMDS (1.25 equiv)
e

PhCF5 (0.1 M), rt, 30 min

UOTEMP

5.0 equiv

Entry Deviations from standard conditions Yield
1 none 67%
2 1 equiv of cyclohexane 35%
3 1 equiv of LIHMDS 59%
4 rapid addition of LIHMDS solution 51%
5 0°C 59%
6 0.2 M in PhCF; 63%
7 ClO4~, PFg, OTf instead of BF 4~ 22-57%
8 CeHg, PhCl instead of PhCF4 56—-64%
9 0.2 equiv of TEMPO additive 74%
10 no LIHMDS 0%

Optimizations were performed on a 0.2 mmol scale. Yields were
determined by quantitative "H NMR analysis using mesitylene internal
standard. TEMP=2,2,6,6-tetramethyl-1-piperidinyl.

Lin, S., et al. Nature 2023, 619, 514.

ik %

In all cases, the addition of a small amount of
TEMPO (0.2 equiv.)) was found to help
improve the reaction yield, presumably by
facilitating trapping of the alkyl radical at the
initial stage of reaction with increased

concentration of the radical coupling partner



b Reactive sites: m> Increasing steric accessibility

1004 —— — 1001 mm 100 — 100 /— |:
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= —
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Yield: 50% 87% 30% Yield: 48% 26% Yield:  74% 47% Yield:  29% 52%

Lin, S., et al. Nature 2023, 619, 514.
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+ Ph,CO (potential role as SET activator)

Table 1. Conditions Explored for Reaction Optimization”
O

_ : R OH R OK R 0)
TEMPO*PF5 (1.5 equiv) 3 _OTEMP KHMDS/Ph,CO +
Ph_OH KHMDS (1.25 equiv) Ph)k/ﬁv - L N
Additive (1 .25 eql."V) . .\ 1b or KHMDS
PhCF5 (0.067 M), 0 °C, 2 h 0 A TEMPO’ +
1 3 __OTEMP
a Ph 0 T
OTEMP  {¢ RJ\/\/\,OTEMP RJ\/\/\,
Ent Additi Yield of 1b Yield of 1 B
oy e e e e e ¢ KHMDS (suppressed with KHMDS/Ph,CO)
1 none 14% 18% . o
0 TEMPO
2 THF 13% 12%
3 18-crown-6 3% 2% RJ\/\/\/OTEMP R SrEmp
4 Ph3N 9% 13% © c
S pyridine 7% 00 e e
6 1,10-phen 9:/6 1:/6 E R O/K\oﬁ— ; E o ;
8 benzophenone 32% ND : Ph” “Ph . Ph”~~ph Modulated' base ;
9 benzophenoneb 57% 2% E : E 8 '
10° benzophenone 729% 29% ' 'Activated' potassium complex E :l E

......................................................................................

“Optimization was conducted on a 0.1 mmol scale. Yield was
determined by 'H NMR using mesitylene internal standard. ?0.25
equiv of benzophenone. 2.5 equiv of TEMPO'PF,~, 2.25 equiv of
KHMDS, 0.45 equiv of benzophenone.

Figure S25. Proposed role of the benzophenone additive.

Lin, S., et al. J. Am. Chem. Soc. 2024, 146, 19696.
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(b) Sy to S, transition e

N ,
- 3 Y

X X 1a-H (X =Cl, Y = H, Ar = Mes), 19% | @
401 nm : 1b-H (X =F, Y = H, Ar = Mes), 10% <
P Y Y 1c-H(X=Y=F, Ar=Mes), 40%
=072 BAr, 1d-H (X =Y =F, Ar = DMAn), 72%
1-H
LUMO o

s i
,Lw
Py & xx\

Figure S8. ORTEP drawing of 1a-H, 1b-H, 1¢-H, and 1d-H (thermal ellipsoids were set to 50%).

[1a-K(THF);];
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d
+ _
:: PPhsy Br
1 + -
2.5 equiv. LIHMDS Ph3P X
-
Dioxane, RT, 10 min
+ | /.\/\ Ph R
2 X=Brorl
1.5 iv.
eauv Observed by NMR
¢ Ph
/
P
+ +
N (]
O O
7 4 8
62% 819,82 Not

observed

Morandi, B., et al. Nature 2024, 636, 108.

Ph

.;Ph b
P, 1.5 equiv. base
Dioxane, 80 °C, 18 h
6
EE— . a
80 °C 4, 86% LIHMDS  LiN(-Pr),  LiNMe,  LiNH,
16 h Ph
+ [ Yield® 72% 37% 25% 13%
Ph” " ~Ph
% Vipur 68.1 58.8 35.1 13.8
5, 9%?
d
2.0 equiv. TEMPO
1.5 equiv. LIHMDS 8~ 1.5 equiv. LIHMDS
- + r -
Dioxane, 80 °C, 16 h PAr; Dioxane, 80 °C,16 h D
Ar = Ph Ar = CgDs
Ar=Ph: 9 8-d

Ar= CgD5I 9-d15

91%P, 72% D¢
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P-N Adduct Frustrated lon Pair
P-N=2.10 A P-N =4.47 A
AG = 21.7 kcal/mol AG = 0 kcal/mol
Egistortion = 55-1 kcal/mol E isiorion = 1.8 kcal/mol
Einteraction = - 7.7 kcal/mol Einteraction = -38.4 kcal/mol

Morandi, B., et al. Nature 2024, 636, 108. 39
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AG*? (kealimol)
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Figure S$10. Calculated free energy diagram at the PW6B95-D3(BJ)/SMD(dioxane)-def2qzvpp//PBEO-D3(BJ)/
SMD(dioxane)-def2tzvp level of theory. The optimized geometries of the transition states TS2 and TS3 are shown.
Most hydrogen atoms have been omitted for clarity.

Morandi, B., et al. Nature 2024, 636, 108.
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