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Figure 3. (A—G): Concentration profiles (mM) for Fc* (blue) and Fc (green) as a function of the distance from the electrode (d, from the electrode
surface to the bulk solution, e.g. 0.5 mm) at various points during the voltammogram. Adtapted from Reference 4. Copyright © 2011, Imperial College
Press. (H): Voltammogram of the reversible reduction of a 1 mM Fc” solution to Fc, at a scan rate of 100 mV s~ (1): Applied potential as a function of

time for a generic cyclic voltammetry experiment, with the initial, switching, and end potentials represented (A, D, and G, respectively).
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An Electrocatalytic Approach to the Radical Difunctionalization of

Alkenes
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Scheme 2. Catalysis of Electrochemical Reactions by a Redox-

Innocent or Redox-Active Catalyst (Using Anodic Oxidation
as an Example)

(A) Catalysis of electrochemical reactions by a redox-innocent catalyst
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Figure 1. Cyclic voltammetry of an electrocatalytic oxidation reaction
(simulated using DigiSim). The catalytic turnover manifests as an
enhancement of the catalyst oxidation wave. This catalytic current
increases as the rate constant (k) of the chemical process increases.
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Scheme 6. Electrochemical Alkene Difunctionalization:
Radical Cation and Radical Pathways

(A) Radical cation pathway for alkene difunctionalization

Pt anode [ Ly
constant current . EtO
B0 X Et07 Y Y ToMe . ﬁgﬂ: (15)
KOH, MeOH |_ OMe EtO
68% 22%
(B) Radical pathway for alkene difunctionalization
Pt anode _
1.6 V vs AgCl/Ag ai N N
P ol it M N RUA
2 1 R1 R2 (16)
h NaN3, AcOH [ R w2 e N
3
0,
Major byproducts: 15-24%
N3
N
1 3
R2 RZ2 via | R \/I\Rz
R’ OAc ®
N3

12



NEINS

i N
ORGANIC CHEMISTRY [Fe] (0.8 equiv) 3

Previous work: examples of alkene diazidation (refs. 11, 13)

reduction NH,

RN "(NH,),5,0, (2 equiv))h R No rommemmmesmees > HJ\’NHE
Metal-catalyzed electrochemical o
diazidation of alkenes @v'm iy "
3 PPhg, H;0 2
. . . . H/% O y H)\/N;g > 2 R NH»>
Niankai Fu, Gregory S. Sauer, Ambarneil Saha, Aaron Loo, Song Lin* TMSN;, [Fe] (cat.)

Method B S R2
RZ MnBr-4H,0 (5 mol%), NaNg Na R . Reduction (Method C, D, or E) - HS\FHS
a U R3 19\'(':‘ : NHR
i A LiClO 4, HOAC/MeCN B LiNs f{S%e tSat_llpgleme?tary Maﬁpals R*
R C+)/PY-), Eoep= 2.3V, 221 °C or detailed reaction conditions) f R = Boc
a b g, R=H

Fu et al., Science 357, 575-579 (2017) 11 August 2017
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C This work: metal-catalyzed electrochemical alkene diazidation

catalyst Na reduction NH,
R + 2Ny 4+ 2HY — H)\/NB — L _nH,
(oxidant) electricity R

[E(Ns/Ns ) = 0.71 V]

+ HE . .
Mechanistic design principle: [E(styrene radical cation/styrene) = 1.55 V]
! electrochemical radical generation | \ catalyst-controlled radical group transfer;  MethodA: Ecell=2.6V—Eanode=0.75V
; - e . " E M=N; Ma :
E NaN; —— N; — ' : > H)\/NB :
: > o AN ! L BYBAFELDATEEHE, ERE
R Ittt il el i ’ ~4|prls 2| M= 274
A | by-products (from dimerization, ﬂf’ﬁU}Iﬁéu JiEj::F'l‘$°
R™ ™ over-oxidation, polymerization,
etc.) .
AsEFREALH
" - B5TR
o) . 7ERRR A
FEMn  Method A - . « ZE (Lin GroupfFAHEXMAINE
n (100% conv.) Me Me AN
NaNs Ar iS50 F)
TEMPO (0 or 1.5 equiv) Ny 1c (70%)
AT -
LiCIO 4, MeCN/H-0
1a (Ar= C(+)/Pt(-), Epqy=26V observed by-products:
SreRuypneny) 22+1°C, 2h without TEMPO Ar " OH
3
N
(100% conv.) Ar:CNs Ar)\’ -
1d 1e
Fig. 2. Proof-of-concept experiments. Generation and sequestration of the carbon radical intermediate 14

en route to alkene diazidation are illustrated. h, hour; conv., conversion.



Method B e 2
R? MnBro4H,0 (5 mol%), NaNy WA Reduction (Method C, D, or E) : R3
12y R° OO R : ol NHR
: LiCIO,, HOAG/MeCN B Ny (See Supplementary Materials R
R* C(+)/PH(-), Ege=2.3V, 221 °C R* for detailed reaction conditions) f R = Boc
v =gal T = '
a b Q. R=H
[E(N:/Ns ) =0.71 V] Table S1.

MethodB: Ecell=2.3V—Eanode=0.62Vv Alkene diazidation under various different conditions

LN yield=95%

Medium: LiCIO,, HOAC/MeCN
Mn(OTf),

—— TBAN,

—— Mn(OTf),, TBAN,

60

40

20+

Current (pA)

=20 4

T T T
0.0 05 1.0 15
Potential vs Fc*® (V)

Figure 2. CV data demonstrating the reduced oxidation potential of
[Mn"]—Nj as compared with free N;~ and Mn'.

Entry Variation from standard conditions’ Conversion (%) | Yield (%)
1 None >99 >99 (90)*
2 Constant electrode potential at 0.72 V >99 86 [66]°
3 Controlled current at § mA >99 90 [87]°
4 No externally applied potential <5 <5
5 Graphite as cathode instead of Pt >99 82
6 Two AA batteries (3 V) as power source >99 69
7 FeBr, instead of MnBr» 95 <10
8 Cu(OAc), instead of MnBr >99 85
9 Ni(OAc); instead of MnBr; 83 <10
10 Mn(OTf), instead of MnBr >99 95
11 Mn(TPP) instead of MnBr >99 64
12 TBAPF; instead of LiClO, >99 97
13 Reused RVC electrode, no Mn catalyst" 15 <5
14 No Mn catalyst >99 <10




A Diazidation: alkene substitution pattern and electronic properties*

Acyclic alkenes

Cyclic alkenes

Monosubstituted 1,1-Disubstituted Disubstituted
N3 N3
N ; *
N3 N CoH /Ji/NS N3 Me Me N3
3 a7 N N "
RE Phj% Ph/l\/NS Ph/\/KjN?' E:Ij Na
= gbf_l,#, 87% N3 N3 N3
22bY, 82% (90%)" 23b#%, 79% 24b*, 62%
= 9 % § 80% 9.4 919% ' ’ ’
R= H(2b) 95% N, 13b, 86% 14b*, 80% 15b%# 91% (dr > 19:1) (dr = 4:1) (dr = 2:1)
o N
4-t-Bu(1b) 90 f"al o~ 1,2-Disubstituted Trisubstituted ~ Tetrasubstituted
(92”.-”0)” N 0 N
N N3 3 3 N3 Me
76%]%% 10b%*, 83% : N N3
[76%] o ,!\rlu'le Ph/krph Ph)\i)LOMe N (:ENE CE\}_
4-MeO (3b) 84% N':'l Nj N N, N3 Ph
4-F (4b) 850, N\,)\/”:* 16b* 95% 17b, 73% 18b!l#, 92% 25b, 83% 26b* 88%  27b, 72% (75%)"
(dr = 3:1) (dr = 2:1) (dr = 2:1) (dr =10:1) (dr=10:1) (dr >19:1)
4-Cl (5b) 86% 11b* 67%
' Trisubstituted Tetrasubstituted Electron-rich heterocycle
- Sl
3-MeO (6b)*!  66% o N N o e e Noure Ns
4-CN(7b)  70% L ME\P\/OBH ph/\j\FMe j;ua @...Ng @S
Me Me'?  Ph” S COMe N

88% Ts
12b, 98%

2,4,6-Me; (8b)

19bl, 82% 20b*, 68% 21b%# 82% 28b, 69% (dr =10:1) 29b, 78% (dr = 9:1)
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B Diazidation: functional group compatibility* {E}EHEE_¢ E%EEFE EI,JEEJ_ T_{%IIEEQ.?F&F_EE’JHETT

Functional groups sensitive to oxidation 5./ r] %ﬂf;ﬂﬁg.
Alcohol Aldehyde Enolizable ketone N Carboxylic acid
N3 N3 0 N3 N3
N3 /@/J\/M3 DHC\@/J\/Nz N /\I/\)LM N N3 0 N3
N3 3 © 3\)\/\.)]\
H OH
\)\H’E\o OHC N4 , . HO,C
30b, 81% 31b, 70% 32b, 81% 33b%* g6 O Me 3(:':_'1?_‘1;’" 35b. 78% 36b, 75%
Amine Sulfide Af’kyne N- Hea‘erocycfe Organometallic
@\(\Ng
37bl, 77% 38b', 69% (dr=1:1) 39b 82% 40b, 72% 41b, 95% 42b, 76%

1ARRLAR SRS AIEMN(ID)-N3—=Mn(lI)-N3#8, &5#SL
[BEEHEN S : BFAERPEZE, NSACOHERNEEINAT S48

Functional groups sensitive to nucleophilic substitution

Epoxide Ester HE Alkyl halide
N
3 N, N
N3 \)\/\I(‘ 3 N W Br
0 N3 \/j\/\/\/’\//\co M N3 \/J\/\/\ ?
Me 21e Cl N3
43b%#, 72% (dr = 1:1) 44b5+, 83% 45b"*, 85% 46bl, 79%

C Tandem diazidation and reduction**

eN Me NHBoc NH»

o Me
NHBoc NH2 BocHN NHB BocNH Br
/@/l\/ /@/l\, BocHN /\T/\)Ll‘u’le /@/J\/ ’? oc oc m&
H2 OHC NHBoc MeS Ph

7, 8B6% 279, 96% 31T, 47% 33fi1, 42% 39g'', 70% 40f', 67% 46f71, 78%
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Electrocatalytic Radical Dichlorination of Alkenes with Nucleophilic
Chlorine Sources
Niankai Fu,” Gregory S. Sauer,” and Song Lin*"*
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*Atkinson Center for a Sustainable Future, Cornell University, Ithaca, New York 14853, United States

[
\./ [
R1
Y R® 4201+ 2H" - C'\)\Rs *+Hy
2 cat. [Mn] R
R2

‘ [Mn'']—ClI [ % [Mn''"1—ClI T
R3

Representat:ve reaction scope:

Ph/k;/\o Ph VS Ph W
o

Cl
(with Cl5)

00 o . cl »
OH vs. S(j /@)\, @/k/(” Et/K/YOBn
MeS 2N ¢l O

(with Cl,)
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Table 1. Reaction Discovery and Optimization E(CL/Cl) = 1.56 V—Ecell=2.80V

Cl
catalyst (0 or 5 mol%), [CI]
g .
LiCIO, (1.75 equiv), HOAC/MeCN cl
1 (0.2 mmol) C(+)/Pt(-), Ecey =2.3V,40°C, 2h 2
Entry Cl source Catalyst Yield (%)? dr
LiCl (4 equiv) None 16 (32°) 1:1
(2 LiCi(4equiv)  Cu(OTM; 14 12 | Cullll]-CHRRRA, HeERCILCHIESRY, 255%
3 LiCl (4 equiv) Mn(OTf), 63 >19:11  INA EBICIEBHER:
MgCl, (2 equiv)  Mn(OTf), 89 >19:1
5 CaCl, (2 equiv)  Mn(OTf), <5 ND } N
[ NaCl (4 equiv)  Mn(OTf), 8 >19:1 AR
7 MgCl, (2 equiv) Mn(OAc),4H,O 86 >19:1
8¢ MgCl, (2 equiv)  Mn(OTf), 98  17:1
9 MgCl, (1 equiv)  Mn(OTf), 63 >19:1
10 MgCl;, (3 equiv) Mn(OTf), 92 (909 >19:1
11 MgCl, (2 equiv)  Mn(OTf), 54 >19:1

“Yields determined with '"H NMR. PE_ = 2.8 V. “TBAPF, instead of
LiClO, as electrolyte. “Isolated yield. °E_y = 2.1 V. 20



Scheme 2. Substrate Scope” B. Compatibility with oxidatively sensitive functional groups

A. Compatibility with different substitution patterns al Cl - o -
Cl Cl Cl Cl CI\)\F’)/\O Ph)\./\OH /@/K, /@/j\,
s OH =
5 - : ~Me 0Bz cl OHC HO,C
RT i1 sor Cl Cl 20, 81% (87%°)  21,78%,dr=10:1 22, 76% (75%") 23, 75%
H (3)

(3l

85% 9, 87% 10, 89%, dr = 11:1 11, 87%, dr = 12:1
4-'Bu (4), 91% Cl CHa
Cl Cl Et
4—F {5), 95% “\CI Ph \)\chozH r;lf
4-Cl (6), 92% wCl zN Et
4-CN (T), 80% “Cl
2,4,6-Mes (8), 86% 83% 25, 77% 26, 65% 27, 89%, dr = 1:1
i : 2,90%,dr>19:1  12,85%,dr>19:1 13, 77%, dr = 8:1
(89%>) (83%b) C. Gram-scale synthesis -
cl MnCl; (5 mol%), MgCls (2.0 equiv)
cl cl @‘ - i
)\,CI Mech\HJ\/CI Cl LiClOy4 (1.0 equiv), HOAc/MeCN, 40 «C
CeHi7 8 Ph Me 58g C(+INi(-),i=08A,C=2F (34h)  g1g 07%, dr>19:1
14, 90% 15, 91% (89%") 16, 88% then washed with ag. NaHCO3 and brine FE = 97%

cl M. $ 0 ol “Isolated yields are reported. “Faradaic efficiency (FE) under a
e . o .
OBn L controlled current of 8 mA after passing 2 F charge. “With 10 mol %
Et)\g\g’ Me>l\ICI/\O 3 CI\‘/I\Ha/\Br catalyst.

17, 74%, dr = 5:1 18, 96% 19, 84% (88%")

MERHNGETTED BRI =Y, THETARE
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A. Diastereoselectivity test

. e e gy mm—

cl

. cl
. - ’©/-\ conditions D)\/
conditions
PR B Ph)\:/\OBz ' Ph"\/"oez - MeS
¢ Cl

38 25
28 " 29 Entry conditions yield (%)
El"ltl'y conditions yield [%] 11:29 . MH{OTﬂz {10 mﬂl%:l, MgClz (3.0 equiv), 71
] LiCIO, (1.75 equiv), HOAG/MeCN,
Mn(OTf)z (5 mol%), MgCl; (3.0 equiv), | % e
1 LICIO, (1.75 equiv), HOAC/MeCN, S st CH)IPH-), Econ =23V, 40°C
C(+)/Pt(-), Ecen=2.3V,40°C 2 Mn(OTf), (5 mol%), Cl, (2.0 equiv), GHCl5 <58
2 Mn(OTf), (5 mol%), Cl; (1.2 equiv), <5 -
LiClOy4 (1.75 equiv), HOAc/MeCN " #Full conversion; byproducts observed (see text and SI).
Mn(OTf), (5 mol%), Cl; (1.2 equiv), - 1:8b
e CHCl, e Me Me condiions  Me.S' Me
—_—
4 Cl, (1.2 equiv), CHCl 70 15 eSS, M'*)I\él’vl\’\ NEl;
39 27
aNot determined. ®Proposed mechanism for 29 formation:
cl cl Entry conditions yield (%)
! cr
28 —| aof —| " Y0 |—> 29 Mn(OTT); (5 mol%), MgCl, (3.0 equiv),
Ph 08z i 3 LiCIO, (1.75 equiv), HOAC/MeCN, e
P Ph C(+)/Pt(=), Ecen = 2.3V, 40 °C
4 Mn(OTf); (5 mel%), Cl; (1.2 equiv), CHCly 9®

Cl

cl

Me = conditions
7 O . Me COzMe )
CO;Me 7 6 #Full conversion; byproducts observed (see text and Sl).
(]
30

31 (syn + anti) o

Entry conditions

Mn(OTf)» (5 mol%), MgCls (3.0 equiv),

S LiCIO4 (1.75 equiv), HOAC/MeCN,
C(+)IPt(=), Ecqy = 2.3 V, 40 °C
. Mn(OTf), (5 mol%), Cl; (1.2 equiv),

CHCl,

7 Cl, (1.2 equiv), CHCl3

I Cl
conditions 020
= = Cl
yield (%) syn:anti ph‘ll\/\cﬂzH B Phlf‘cozH M p||1><j
40 41 42

o1 12 ey conditions 41 (%) 42 (%)
5 Mn(OTf)z (5 mol%), MgCls (3.0 equiv), - 10
LiCIO4 (1.75 equiv), HOAc/MeCN,
90 >19:1 C(+)/Pt(-), Eoq = 2.3V, 40 °C
6 Mn(OTT)z (5 mol%), Cl; (1.2 equiv), CHCI3 16 68
92 >19:1
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B. Radical clock test

0 DR:
cl cl cl Ts Cl
%N —~F conditions —-H 34
1 ——— 4+
T= M e
Ts ci NT~F
32 33 TT'S
35
Entry conditions 33 (%) 34+35 (%)
! Mn(OTf), (5 mol%), MgCl, (3.0 equiv), 7.4 <
LiCIO4 (1.75 equiv), HOAc/MeCN,
C(+)/Pt(-), Ecen=2.3V, 40 °C
Mn{OTf), (5 mol%), Clz (1.2 equiv), B
. CHCl “ 0
Mn(OTf)z (5 mol%), Cl; (2.4 equiv), -
3 CHCl, <5 7
4 Cl, (2.4 equiv), CHCI, <5 79¢
Trans/cis = 2:1. "34/35 = 1:1.5. “Only 34 observed.
BnO.C COzBn conditions BnO;C COBn
&y T T
36 37
Entry conditions yield (%)
5 Mn(OTf); (5 mol%), MgCl; (3.0 equiv), 86°
LiCIOg4 (1.75 equiv), HOAc/MeCN,
C(+)/Pt(-), Econ=2.3V, 40 °C
6 Mn(OTf); (5 mol%), Cl (1.2 equiv), b
CHCI4
7 Cl; (1.2 equiv), CHCI; <5b

4E/Z = 8:1. PMultiple unidentified products observed with NMR.

Scheme 4. Proposed Catalytic Cycles

+

e/ "

Pt cathode

O

Hz

o< @
@-m R’I\/C'

RVC anode
0201 — Mn(OTf), N
— MgCl, g
015 Mn{OTf), and MgCl. i
%1 ——Mn(OTf),, MgCl, and alkene [ |
< 0.101
E
"~ 0.051
0.00 -
-0.05

0 02 04 06 08 10 12 14
E(V) vs Fc*®

Figure 1. Cyclic voltammetry studies.
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Table 1. Initial Reaction Discovery and Optimization {sEFA2 qu’ﬂCFssozNa . BHAEDCF3-215
7m\
catalyst (10 mol%) EUHngCI%H
[CI] (5.0 equiv),[CF3SO,Na (2.0 equiv

) Cl Cl
R > R)\,CFa + R)\,m

LiClOy4 (0.1 M), acid/MeCN (1:10)
1 C{+)/Pt(-), constant current (/), 22 +1 °C, 4 h 2a 2d
(R = 4-t-butylphenyl)

entry catalyst [CI] acid i(mA) E .y, (V) 2a yield (%)“ 2a/2d“

1 Mn(OAc),” MgCl, HOAc 4 2.08 41 13:1
2 Mn(OAc), MgCl, HOAc 10 3.00 66° 13:1
34 None MgCl, HOAc 10 3.14 <5 -

4 Mn(OAc), LiCl HOAc 10 3.20 35 3:1

5 Mn(OAc), MgCl, CHCL,CO,H 10 2.67 69 9:1

6 Mn(OAc), MgCl, CF,CO,H 10 1.67 71 12:1
7 Mn(OAc), MgCl, CF,CO,H 15 2.28 70 13:1
8’ Mn(OAc), MgCl, CE,CO,H 15 2.05% 83 19:1
9" Mn(OAc), MgCl, CF,CO,H 15 2.09 82 13:1
10° Mn(OAc), MgCl, CF,CO,H 15 2.02 80 19:1

“Determined with NMR. an(DAc)z-f-PHZO used in all but entry 3. “Byproduct 4-tert-butyl-$-triftuoromethylstyrene also observed. “Reaction time
2 h. “Not determined. “With 0.2 M LiClO,. *Ending cell voltage 2.49 V. "With 3.0 equiv MgCl,. “With TBAPF; as electrolyte.

25



l|n

o @& e

2. R ='Bu, 71% 8,81%, dr > 19:1 9, 75%, dr = 8:1 10, 85% (59%)°

3,R=Cl, 71%

4, R =Ph, 82% F3 o cl

5, R = CHO, 83%

6, R = Bpin, 67% X G’\/'\":FEI

7, R = CO,H, 68% . LN 20-23 KA
12°, 52%

16,24 CI—Br

TEHN
Cl, CF
e Q)L /\*’ —~ 23 SR
EICF‘?

14, X = CI, R = H, 80% - EEFIARIMGHTEERE=mFEHL

cl
15, X = Cl, R = Me, 75% A
Meﬁ(cpa 16°, X = Br, R = h?e a6% 17.78% dr=6:1  18,67% ReefERBIERIEYD
e
M'E,‘ A ~ SLLS >
19", 58% = - - BEEAHIEIATCRH-218EIH-TA

CFsH, F==:[#(K

229 70%
dr=>19:1

T ve  20,66%, dr=1:1

Ph Br

of
H CF
L“,N\)\/CFE ® 23 ,67%,dr=5:1
FmocHN (XRD) 26
O 21,46%,dr=11 By 24°, 47%



B  BnO,C_,CO.Bn

standard conditions BnO,C CO.Bn
:
= 26, 40%
X 25 = ¢ Ez=101
[ > FsC cl
standard conditions
T
" N 28 82%
Ts Ts dr=35:1
C Cl F3C
—=NAr
= TsN standard conditions” Me
- CF, \—{ = TN A
(pin) Me 31, 60%
29 51%, £/Z=37:1 30 (Ar = 4-MeO-CgH,) ZIE=34:1 Cl

"Reactions conducted on 0.2 mmol scale, isolated yields reported.
6.3 mmol scale. “The cell voltage controlled at 2.6 V during elec-
trolysis (E.; = 2.6 V). dEceu = 2.1 V. “With 3 equiv KBr instead of
MgCl, under controlled E_ of 2.1 V.7i = 10 mA, with HOACc instead
of CF,CO,H, yield determined with NMR. €0.1 mmol scale with
4 equiv CF;SO,Na. "i = 8§ mA.

(B) Product derivatization

Zn, HOAc, CH,Cl;

Cl

/@A/CF;;
Ph

49

NaN3, DMSO, 60 °C

H
CF
" ph

50, 76%

N3
- (26)
Ph

51, 89%
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Medium: LICIO,, TFA/MeCN
1 NaSO,CF,
604 —— Mn{DTf}z, NESGQCF:}
Mn(OTf),, MgCl,
— 404
<
=
=
o 20+
-
3
&
0 -
=20 -
-40 T

: , : : :
0.0 05 1.0 1.5
Potential vs Fc*? (V)

Figure 4. CV data demonstrating [Mn"]—Cl and Langlois reagent are

oxidized at similar potentials, enabling anodically coupled electrolysis.
Abbreviations: TFA, trifluoroacetic acid.
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https://doi.org,/10.1038/541596-018-0010-0

A general, electrocatalytic approach to the
synthesis of vicinal diamines

Niankai Fu"?, Gregory S. Sauer™® and Song Lin®'**

Fig. 4 | Electrolysis setup for 3 mmol scale reactions. Assemblies of the RVC anode and Pt cathode (a), and the whole electrochemical cell (b,c).
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Fig. 3 | Electrolysis setup for 0.2 mmol scale reactions. a-h, Assemblies of the RVC anode (ab), Pt cathode (ed), the cap (ef), and the whole
electrochemical cell (gh).
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N 0

L )%rR3 TEMEG Nty _ Scheme 3. Electrochemical Azidooxygenation of Alkenes

2 LiClO, in MeCN/H,O or R >|\|<Rs
Ry pH 7 phosphate buffer - R, N3 OTMP

(23 examples, 37%-99% yield) m NaN; (3.0 equiv), TEMPO* (1.5 equiv)
Mechanism: TEMPO-mediated azide oxidation -
(CV, kinetics, KIE, UV-vis, ESR, "N NMR, DFT) t-Bu LiClO4 (0.1 M), H,O/MeCN (1:5) N3
""""""""" t-Bu

C(+)/Pt(-), Egey =26 V

; C e
TEMPO N3~ E via: I}.J/N‘\N ; 2a (94%)
‘e [ )
—-e X N=G !
5, pEEEo :f
N3 |

TEMPO* i charge-transfer

anods : complex .

—
o
g
®
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Scheme 1. Accessible Oxidation States of TEMPO via TEMPORY=F\ A EEIRE XTI E

Single-Electron Oxidation and Reduction Processes
EEIMER, TLURRECEISGHRA.
EAIRYEREE /B F AR R

>O<;e_- >(j< = - >|§9j< =
NS —— N — N} )

TEMPO~ TEMPO* TEMPO™

10 e I +e~ 1"
O _0.04V O 0.24 V O
(vs SCE)? (vs Fc/Fc™)

“This value was reported in ref 4 and measured in an aqueous buffer.

E. This work: TEMPO™ as single-electron oxidant in the
azidooxygenation of alkenes (TEMPO*/TEMPO®*, 1e")

R OTMP

TEMPO* + N+~ ——3 TEMPO® + N, ——> N
3 3 - R)\/ 3

G)N..-N N
' N charge-transfer complex
via Iil@ ; (half-life ca. 7 min)
—0 characterized by UV-vis, NMR,
and CV with support from DFT

’
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A. Substrate scope.?

OTMP
N3

R

R = -Bu, 2a (94%:; 90%%)

OMe, 2b (89%)
Cl, 2¢ (92%)
p-CN, 2d (83%)°¢

ch)\/\/[
HO OTMP 2h (67%)

29 (64%)

OTMP

N
Br 3

2j (97%)
OTMP

Qo

2m (98%; 94%P:
76%°%)
(dr=19:1)

N3

O

2q (91%)
(dr>19:1)

0

|‘MIIIIEDTI'N'IF'
MGJ\/YkME
N3

2e (86%)

OTMP 0

N3

mzﬂ\ﬁomp
Me

Me
2f (80%)

2i (63%) (dr = 1:1)

o OTMP OTMP
a]-.jJ\/Nf' ph/\/I\/N3
Me
2k (99%) 21 (96%)4
TMPO N,
,O OTMP %
Ph
Pn)\r
OTMP N,
2n (75%, 20 (81%, 2p (92%)
dr=7:1) dr=1.4:1) (dr=4:1)
N3 OTMP OTMP
N3
2r (79%) 2s (92%)

B. Product derivatization

azide-alkyne [3+2]' oxidation? reduction”
DTMF'
O OO (e
3 (92%, dr > 19:1) 4 (83%) 5 (88%, dr > 19:1)

C. Substrate scope in biological media

R TEMPO* (1.5 eq), NaN; (3.0 eq) Ny
= R2 o R2
R4 0.1 M K,HPO,/KH,PO, buffer (pH7) R4 OTMP
Rs Een = 1.80 V, PH{-)/C(+) Rs
N3
Me © /\J<DTMP
2i,49% 2k, 48%  2m,64% Me)\(u\o e
NHFmoc
2t, 37%
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Scheme 5. Radical Clock Experimental Results

standard rr':g ?,Eﬁnin?: OTMP
conditions . = s J\/\/\
Ph’q""% —_— Ph/ﬂ.-t“'\;”& —_—— Ph = N,
1u 2u (B8%, EIZ = =19:1)
standard OBn
BnO;C, ,COzBn  conditions B”OZCKJZ/ET T Ny
E —_— ——— Wy
7 M
* 3 BnO” ~0
v 2v (13%, EIZ=>19:1)
rau‘tca! annihilation: IE'.'ITIMIP
=10° M5~ N3

standard
"\I\ f"' conditions “\L ,r\ Ny 2w (42%)
0 : OTMP
eesrzza . H
cyclization:

0
- 5 o=1
k=10%s 2w’ (< 5%)
Ph A ~p,
standard TMPO
(E)-10 conditions Ph
Ph Ph @ — —{ -
N/ PH Ny = Ph N3
{2)-10 20 [dr 1.4:1 for both (Z) and (E) 10]

Scheme 6. Plausible Mechanistic Pathways for the
Formation of the Azidyl Radical or Its Equivalent

Pathway 1a: Direct anodic oxidation of N5~

] R . TEMPO* OTMP
N, —————————— AN —— N
3 R RJ\/ 3
Eprz = 0.45V (vs. FelFc*)

Pathway 1b: TEMPO-mediated oxidation of N5~

TEMPO*
_ outersphere .
N Ny~ R OTMP
) =L
, L TEMPO-N; —
Ei2=0.25V (vs. FelFe®)  jnnarsnhere | o
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Figure 1. Cyclic voltammograms of TEMPO®, N7, and their mixture. Figure 2. Cyclic Vc:]tammogralns of TEMPO® in the presence Dst—

Nernst 75 R e 44, 22 e b (1 o 38 R4 (top), showing a Nernstian dependence of the reduction potential on
[N;7] (bottom). The curve depicts a least-squares fit to the function
FRI b F 35 DA S S TR JE VD T AE R 4 flx) = ax + b: a = =62 + 2; b = 210 + 2; R* = 0.990.
PP BRI R . AR5 F RoRIERLRE
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Wavelength (nm) 0.0
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Figure 3. UV—vis absorption spectra of TEMPO® (8.6 mM), ' ] N.VITEMPO*
TEMPO'CIO,” (8.6 mM), and the TEMPO—N; complex (0.2 [TEMPO'VIN,] INVIT ]
mM) in MeCN at room temperature (ca. 22 °C).

Figure S. Titration experiments showing the 1:1 stoichiometry of the
TEMPO—N; adduct.

b@l‘ﬂ]ﬁ?‘i}ﬂ YRR CE A
gjj‘['&ﬁ‘é}? eIt E A1 1((ERTBAN3FETEMPO+ClO4-, RiEAINSENTEMPO+&{EHEHARY
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N3 NB

" 2.66 ,-’r2.2?
| |
I4, Erel =6.32 I, Erel = 2.71 I3, E;g = +3.08

calc. Amax = 455 nm calc. Amax = 607 nm calc. Apax = 331 nm

]
N"’N\
2511 N
@ 251
N—Q

Iy, Efel =0
calc. Apax = 350 nm
exp. Amax = 380 nm

Energy (kcal/mol)

Method I v I 5

B3LYP/def2-TZVP, PCM 6.32 2,71 3.10 0
B3LYP/6-311+G**, CPCM  6.18 2.57 3.10
B3LYP/cc-pVTZ, PCM 6.90 3.53 3.13
MO6-2X/def2-TZVP, PCM  6.90 9.45 3.81

o o O 9O

wB97x-D/def2-TZVP, PCM 6.00 7.05 3.20

Figure 6. Energetically viable structures of the TEMPO—N; complex
predicted by DFT calculation. All energies are reported in terms of
the ground state energy corrected for zero-point energy (E + ZPE).

Scheme 7. Plausible Mechanistic Pathways for the Reaction

between TEMPO—N; and Alkenes
Pathway 2a: Polar addition

@ 2N
N -
@h!" t\\L
sl (Il R OTMP
N(;)-'G@ ul R/l\/N3

| |
Pathway 2b: Direct azidyl transfer

TEMPO-N, .

Pathway 2c: Dissociation-radical addition

ki R ] TEMPO®
TEMPO-N; —~—=—— TEMPO* + N3 —— A _N3 ——
k_4 k2 ks

OTMP

R)\,N;,,
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Figure 8. Plot of initial rates versus concentration of alkene 11 for the
reaction between adduct I (TEMPO*CIO,” + TBAN;) and alkene 11,
showing first-order rate dependence on [11]. The data point
corresponding to [11] = O represents the rate of decomposition of I
in the absence of 1L Emor bars represent the standard deviation of
three independent measurements. The curve depicts an unweighted
least-squares fit to the function f{x) = ax + b: a = 209 + 0.08; b =
0.73 + 0.04; B> = 0.993.
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Figure 9. Plot of initial rates versus concentration of N;~ for the
reaction between adduct I (TEMPO*CIO,” + TBAN,) and alkene 11,
showing zero-order rate dependence on [N;”]. Error bars represent
the standard deviation of three independent measurements. The curve
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Figure 10. Plot of initial rates versus concentration of TEMPO" for
the reaction between adduct 1 (TEMPO*CIO,” + TBAN;) and
alkene 11, showing inverse first-order rate dependence on [TEMPO*].
Error bars represent the standard deviation of three independent
measurements. The curve depicts an unweighted least-squares fit to
the function f{x) = ax™" + b: a =0.0345 + 0.0008; b = 0.057 + 0.002;
R* = 0.998.
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Figure 11. Plot of initial rates versus concentrmtion of TEMPO" for
the reaction between adduct 1 (TEMPO*CIO,” + TBAN;) and
alkene 11 (50 mM). Saturation kinetics were observed when TEMPO*
concentration is less than 0.25 mM.
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Pathway 2c: Dissociation-radical addition
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, CN :
+ NaCl -
CINc N ¢

RZ “CN . NaNC cN
RN - J\)( )\/K Kharasch Reaction

Product derivatization:

(mono-, cat. [Mn] + bpy :
- - ] R'l M
di-, tr-) - Anodically coupled A ! H CN e ¢ oxes RT:}?\/XKE: X = H, Cl. Br
electrolysis : H,C CN R
C N : M R Bn M. Ry, Re, Mo, W, Fe, Al, B, Cr, Sm, %E‘Iﬁ?ﬂl
J\ R1 NC CN : R ol CXCl, «CXCl, + R m
R>""CN J\)L (Mn"}-cl| Bn CN o
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Scheme 2. Design Principle for the Electrochemical
Alkylchlorination of Alkenes”

A. Generation of radical intermediates for alkene chloroalkylation

E._E [Mn] ELLCE
x — 7 (eq 1)
R' H —-e~, -H R' 1
(transient radical)
[Mn] il
CI- ——» [MnT]-Cl (eq 2)
I 11
(persistent radical)

B. Innate reactivity of transient and persistent radicals determines
the selectivity in the radical chloroalkylation

slow

I E E I Cl EE
R —» . —_—
fast R? R' fast (PRE) R?2 R
III
(transient radical)
5 RILE
Il . : I EE

slow (PRE) R27 (Rw

“E = electron-withdrawing group. PRE = persistent radical effect.

Table 1. Reaction (:)ptilnizatic.-nﬂ

ArT Xy
1

§

R ==« B = Y A L

H CN
BnA< 2
CN
Mn(OTf), (5 mol%), bpy (6 mol%)
2 (1.5 equiv), NaCl (2.0 equiv)

:
LiCIO, (1.75 equiv), HOAC/MeCN (1:9)

C(+)/Pt(-), i=6.0 mA,# 50 °C
Ar = 4-t-butylphenyl

variation from the standard conditions

none
without Mn(OTf),

without bpy

12 mol % pyridine instead of bpy

control cell voltage at 2.3 V*

Control anode potential at 0.62 v
MgCl, instead of NaCl

Et,N"OTs™ or TBAPF, instead of LiClO,
Ni foam instead of Pt as cathode

40 °C instead of 50 °C

i =40 mA

i=80mA

Ar

CINC CN

yield” (%)

3 4
94 <5
<5 10
46 12
47 5
84 14
88 <5
<5 >99

87—90 <5
70 <5

68 <5

91 <5

80 <5
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Scheme 3. Substrate Scope*™
H CN

Rﬂ(c (1.5 equiv)
, N
J\l Mn(OTf), (5 mol%), bpy (6 mol%), NaCl (2.0 equiv) CINC CN
q T 1
RS . LiCIO4 (1.75 equiv), HOAC/MeCN (1:9) RZ Bn
R C(+)/Pt(-), i = 6.0 mA, 50 °C R?

A. Scope of alkene (with 2)

CINC CN CINC CN Cl NC CN C| NC on Cl NC CN
R cl _ e

- 0 0 13, 77% 142, 76%
R=H(5) 86% 10, 82% 11, 69% 12, 72% dr = 5:1 dr = 21

4-Bu (3) 90%
4-Cl(6) 87%

Cl Me GINC
Cl Cl NC
3-OMe (7) 78% /\/l\Ni(CN Me NC CN N CN is”” CNS
Ph Bn Ph NC CN
. <

4-CHO (8) 78%
3-CHO (9) 75% 15°, 51% 16, 83% 17, 66% 18°, 56% 199 68%
dr=9:1 dr=10:1



B. Scope of 2-substituted malononitrile and derivative (with 1, Ar = 4-t-butylphenyl)

X
CINC CN CINC CN M M{:N MN Cl NC CN
Ar Ar)\)Q/\WOrBU Ar Ph  Ar Me Ar Et Ar’K)k/‘\x

20 (X = F), 88%

o
21 (X = OMe), 70% 22, 65% 23, 69% 24, 57% 25, 63% 26, 74%

C. Bromoalkylation (with 1)

Ph
ﬁil‘ Bn Ar Ph Ar Bn
27, 65% 28, 81% 29, 94% 30, 56%, dr = 1:1 31, 26% 322, 40%
D. Oxyalkyiati SNRPRN N
xyalkylation E. Radical clock RPEEVL
o Me Me Me CN_
I O O /<IJ‘I\ Ph\l/\/l\*
—_— =
e Ph Me Cl
33, 81% 7% 35, 42% 36 37,79%, EIZ=T7:1

“All substrates were electrolyzed at 6.0 mA after 2 F charge was passed; Faradaic yield = product yield. “From (E)-f-methylstyrene. P25 F charge
was passed, Faradaic yield = 41%. “Electrolysis at a constant cell voltage of 2.3 V for 2 h. Usmg the malononitrile as the limiting substrate (1
equiv) in combination with 1.5 equiv of 1. ‘stmg NaBr instead of NaCl at room temperature] 3 F charge was passed, Faradaic yield = 27%.
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Scheme 5. Alternative Mechanistic Pathways and Control
Experiments”

H CN conditions: Table 1, entry 1 Cl, CN
BnJ( - BF‘IX (eq 3)
CN no alkene 1 added CN
2 45, 53%
Alternative path 1: Mn-catalyzed Kharasch-type addition
(Mn], -2 NC
nj, —£e- -
—H*, +CI- [MI‘I“] Bn 1 CINC CN
anode + J n
[Mﬂ"l]—C| 3
Control experiments:
conditions: Table 1, entry 1, but
reaction stopped at 25 min
1 3 (23%) + 45 (<5%) (eq4)

conditions: Table 1, entry 1, but 3(32%) + 2(33%)
with 45 instead of 2 cl

1 I (Eq 5)
+
Cl
Ar)\/

4 (61%)

[Mn], 45 (1.5 equiv), NaCl (2.0 equiv)

» no formation of 3 (eq 6)
LiCIOy4 (1.75 equiv), HOAc/MeCN (1:9)

50 °C, no current applied
[Mn] = Mn(OTf)» + bpy (5 mol%) or
Mn(OAc); (1 equiv)

LECIRY

Alternative path 2: Cathode-assisted radical formation
[Mn], —2e~

—H*, +CI- +e,—CI-  NC_ 1, [Mn"CI
2 — 45 —— )—Bn —_—,, 3
anode cathode  NC v
Control experiments:
conditions:? Table 1, entry 6, but 3

N =0, <5% (+ 32% 4)
P N =0.1,28% (+29%4) (eq7)
N =1.0, 76% (+ <5% 4)

using a divided cell, and

with NaOAc (N equiv) added
to the anode chamber

Ar/""\:-‘-.‘* H CN Cl CN
Bﬁ% 9 Bn

1 CN CN

45 53%

CVFIEEAESCIOTRAP, 1ERBMRSEMT, 45JLUHIT
C-CIERIREHRIAFEAIYZ, FERm-POBBEIV,

BT FERAEFS %E&E%HBEW&?FDBHW DHAES
BHTEERE, HEBRT path 2, XfhoZAIEHEEIE
1E T PRRF=4ERY4 5 ARk =HIY EY.
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S Scheme 7. Proposed Mechanism Involving Catalytic,
IO BRENAYIR ] . P g Catalyti
8

Anodically Coupled Electrolysis

HOAc
/—\ Pt cathode | e
+ —
H
< 64 —— Mn and bpy \./ I +2
2 —— Mn/bpy and HOAc “OAc
—— Mn/bpy, HOAc and NaOAc '
44 [Mn'] \
+ “OAc
24 - Anodic event | H'/e" transfer
+ HOAc
0+ [MI'I"I]
v {lransmnt) RECEETEE
: RTX
2 ' '
NC CN substrate
I ' 1 ' 1 ' I M I ! I 4 I 4 I I .
0O 200 400 600 800 1000 1200 1400 = R
Ermv vs Fet/O0 (persistent) V (transient)
Figure 1. Cyclic voltammograms of Mn showing the effect of bpy and e Anodic eventll | atom transfer
acetate on the catalyst oxidation. Conditions: glassy carbon s COOO \ A
working electrode, Ag/AgNO, reference electrode, and a platinum I - Y
Mn'-Cl " v CI '
wire counter electrode. LiClO, (0.10 M in MeCN), Mn(OTf), (1.0 (Mn7}—C [Mn ] ; NCN '
mM), bpy (1.2 mM), NaOAc (2.0 mM), HOAc (60 mM). Scan rate: ' R R '

20mV/s. A Y Meeeeeeeaaaas

OAC-ETHEVEIMN_LAOMIIERE, FEET HEH, node cr produc

FTERIFBIRFESS,
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Aminoxyl-Catalyzed Electrochemical Diazidation of Alkenes
Mediated by a Metastable Charge-Transfer Complex

Juno C. Siu,* Joseph B. Parry,i' and Song Lin*

Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853, United States

g?lgeiogl?;l;?d;;ihanistic hypothesis for aminoxyl (NO-)-catalyzed {E}EHTFM PO{%EQE@E 1§1 {,‘%U
FIZKABACOHIE AR FIR
.. A, TR0 ™ FhikMetal-NaLUR BEEAER
R 3

N Azidooxygenation
(ref. 20a ) (undesired; TEMPO
N=Ng is consumed)
o N (A~
~a TEMPO-N
N~o ¢ ° |-TeEmpo  Ns
| (~ — - ,I\/N3
TEMPO-N; CTC R~~Ns3 | Diazidation (desired:
\. J \ /  catalytic in TEMPO)
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Table 1. Reaction Optimization®

catalyst (10 mol%), NaN5 (3.0 equiv) N3 o) N(RD2
o), 3 . '
R ) - ANt AN,
LiCIO4 (0.1 M), MeCN/H,0 (12:1) R 'R .
1 C(+)/PH=), Egey = 2.7V (E4; = 0.7 V), T (°C) 2 + N-oxyl trapping
i+ byproduct
Entry Catalyst T("C) Yield (%) * N-oxyl catalysts .
Me :
)\/\ 1a : N ;
OTBS : N :
1b TEMPO 22 36 : O ;
: TEMPO '
2 TEMPO 22 11 ] ;
3 TEMPO 0 46 E NHAc :
4 TEMPO —10 61 ; p ;
i [ '
5 ACT ~10 71 : NONp
6  CHAMPO  —10 o7 ! o :
7 none -10 0 E ACT .
------------------ Me o i NHAC !
1b : -
MewMe : E
8 TEMPO -10 47 i N :
ACT -10 68 : o :
10 CHAMPO -10 87¢ : CHAMPO |

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

“Conditions: 1 (0.2 mmol, 1 equiv), NaN; (3 equiv; 1.5 equiv per C—
N bond), LiClO, (1.8 equiv), MeCN/H,0O (3.8 mL, 12:1); cell
voltage (E_;) = 2.7 V; yields determined by '"H NMR. Pwith 1 equiv
TEMPO. “Isolated yield.

Table 3. Optimization of the Electrolysis Setup'"

“Standard conditions”:

Mo Nal, (15 cauiv per OA) Ve Ns

/\/J\ ; P /\)K/Nﬂ

Ph LiCIO, (0.1 M), MeCN/H,0 (12:1)  Ph
1k C(+)/Pt(=), Egg = 2.7 V, =10 °C 2k
entry variation from “standard conditions” yield (%)

1 none >99
2 Ni(—) instead of Pt(—) 92
3 divided cell, constant current of 8 mA 81
4 ElectraSyn 2.0 as power source, 0.3 mmol 1k 82
) AA batteries (X2) as power source 89
6 using TBAPF; instead of LiClO, 95
7 no LiClO,, E 4 = 3.4 V¥ >99
8 1 mmol scale 69°

“Reaction conditions: see Table 1, entry 6. “A higher cell voltage is
applied to compensate for the increased solution resistance between
cathode and anode. ‘Isolated yield; reaction was carried out at a
higher substrate concentration (see SI).
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Table 2. Substrate Scope”
CHAMPO (10

NaN; (1.5 equiv per C-N)

mol%)

LiCIO,4 (0.1 M), H,O/MeCN (1:12)
1 C(+)/Pt(=), Egeg = 2.7 V, =10°C

N3
R)\’N3
2

N; Ny O
N \/k(v)J'I\
PN N 5 “OMe

(9]
Ph
N N
3
N3

2¢, 70%? 2d, 49%° 2e, 68% 2f, 85%
MeO ﬁ d{
L+]
29, 79%" 2h, 88%  2i, ?2%, dr=11:1 2j, 82%
N3 ME‘
TBSO NHFmoc
2a, 97% 2k, >99% 21, 81% (dr = 1:1)

N, Na
Bo chOL\Ns O

2m, 79% 2n, 55% (dr = 5:1)

Me N3 Me N3
Me
Ph Me
N3 Me N3
20, 9290 (dr=1:1) 2p, >99%

Reactive functional groups: (O]

1
Me Me Me Me Me
Br/\)\/\])LNB
N, Me Ns N3
2q, 82% (dr = 1:1) 2r, 77% (dr = 1:1 at C9)® 54% (dr=1:1)
0
Me Me N5 Me . Nj
MBW /\A‘/Ns HD/\A/NS FIE Me N3
N; =
2b, 87% 2t, 43%" 2u, 60%" 2v, 97%
0
N.—__—-.I N3 Me Ng Me . NaNa Ls
N N3 e\l)\/ ~
Me” | H Me
2w, 84% N3  2x,90% (dr = 1:1) 2y, 70%
Product derivatization:
@%‘NHsoTs Me N Me NHBoc
' NHAc NHBoc
Fe Me NH;OTs Ph TBSO
4, 72%"® 5, 52%f 6, 63%Y

“Conditions: 1 (0.2 mmol, 1 equiv), CHAMPO (10 mol %) NaN; (3
equiv), LiClO, (1.8 equiv), MeCN/H,0O (3.8 mL, 12: 1) 1S mol %
CHAMPO. “Limonene-1,2-oxide (1r) was purchased as a pair of
diastereomers at C1,2. “Determined by 'H NMR owing to the
volatility of the product. “Conditions: 2v, PPh;, H,O/THEF, reflux;
then pTSA. JConditions: 2k, PPh;, H,O/THEF, reflux; then Ac,0O,

NEt;, DCM, 0 °C. #Conditions: 2a, H,, Pd/C, EtOAc, Boc,O.
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Scheme 2. Plausible Mechanistic Pathways

(A) Cationic pathway [: Direct oxidation of carbon-centered radical I

N CHAMPO* or anode ) N5~ N3
Ll :

(B) Cationic pathway II: Oxidation of the azidooxygenation product 3
N(R
o (R)2

anode Ny~ N3
N = Ny —= N
R)\’ 3 oxidation—mesolytic (I R)\’ 3
3 cleavage

(C) Radical pathway

2H,0
s
Hz

N4~
+ 20H" cathode
substrate
CHAMPO CHAMPO—-N, : RN

CHAMPO

f\,.Na

-

CHAMPO* CHAMPO-N5

N

My~

product

anode

CHAMPO ()
fast  eeecceeaal
—<{ Group transfer Nj
cycle N3 !
R/l\/ 3

L P ——

Innersphere L
e SET cycle St 0“" S

Scheme 3. Mechanistic Probes”

(A) Radical clocks:

standard conditions
BnO,C = -

BHDQCM N3
BnO,C” |

BnO,C 3
7 8, 61% (E:Z =20:1)
Ts R standard conditions NS—}E{\NS
/NN\A - N
9 (R=H) s

11 (R =H), 17%, dr = 3:1
(76% 9 recovered)
12 (R = Me), 85%, dr=1:2

10 (R = Me)

(B) Carbocation frap:

0 standard 0 Ph 0
conditions Me
Ph)LN’\( PhJ‘ N N; \,M
H
13 Me N3 Me N3
14, 71% 15, not observed

(C) Stabilized carbocations:

Me
Me standard Me
cﬂndmons =N3
MM:—;-
e
Me N3
16 17, 11% (dr = 2 1) 9, not observed
Me
standard Na M HO M
conditions g Ve =
™ A Ny * )‘/\, N3
MeO r Ar
1g 2g, 79% 20, 16%
(D) Mesolytic cleavage control:
N_a Me

standard conditions

.- )Q_/N:i

2g or 2k, not observed
(>85% 3g or 3k recovered)

B—WERSE
iR IEEF|E]
;>3]

18: WRIEBEFE=E
HEFHI(RE S E
K, —BFER
IFEFRi=HK
H1E)

HEBRTEMPO
S5YHEAT
(B
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Three-Component Chlorophosphinoylation of Alkenes via Anodically
Coupled Electrolysis

Lingxiang Lu

Niankai Fu @
Song Lin*
| . . R i X 0 X
Department of Chemistry and Chemical Biology, Cornell University, = (RY)P—H + X _ H
259 East Avenue, Ithaca, NY 14853, USA 17X M or A/‘” = R \"R* or AT s
songlin@cornell.edu 4 f catalytic Mn R A3 R* _pZ
R electrolysis o~ "R*

Published as part of the Cluster Electrochemical Synthesis and Catalysis ,
22 examples, 41-92% vield

(R = aryl, alkyl; R = alkyl, H; R = alkyl, H;
R* = aryl, alkoxy; X = Cl, Ng)

(C) New reaction: alkene chlorophosphinoylation

0]
Il
R? R,P—H + LiCl ¢ 0
~. _H - R2''; R-ei)
F{‘J\( catalytic Mn, electrolysis F{')\/ ‘IE{ :
R3 42-92% yield R
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(A) Alkene scope
Table 1 Reaction Optimization o0 o

Cl
l':!_ R=H(5), 92% \ L2 |',
. \"'Ph R=BuY(3), 82% Fl’\Ph }:
Ph 9
Ph,P—H (2) + LiCl i R=Cl 6), 81% o

/©/“\ Mn(OTN), (5 mol%), bipy (6mol%) 1§} ¢ 7,72% @dr>19:17 8, 84% (76%)°
— + ~ e b
By LiCIOs, HOAG, MeCN, 22°C  Ar” "1 AW A A o o | lDBU, 50 °C
C(+)/Pt(=), U =23 V (E,;=0.9 V), 2h il :
| PSS NS S e Jie ot BUN
X Rev ! Il
@/k—/ by F'h/\/l\/ e P“O : XA\ e
Entry Variation from optimal conditions Yieldof3 Yield of 4 P b el bh . Ph
(%)> (%) 9, 62% 10, 88% 11, 42% 12,55% !
(dr > 19:1)2 (dr=19:12 ! CHO 8,52%
1 none 82 <5
2 without Mn 5 23 \/\/K/P e /\/\/k/" o " O/ \A\/ P
3 without bipy 63 8 R = Br (13), 73% "“2"‘
) L _ ) R =OH (14), 41% 15, 81% 16, 65% 17, 78%
4 with pyridine (12 mol%) instead of bipy 62 b
5 constant current (5 mA) electrolysis 85 5 (B) Nucleophile scope CI
Cl cl o
6 NaClinstead of LiCl® 56 <5 Q_&O I
Il Ry
p@F \ 'OEt
7 TBABF, instead of LiCIO, 75 6 oHC R /©/
B
3 LiOTf instead of LiCIO, 712 <5 ’
_ _ 18 65° R = Ph (19), 64% (dr = 1:1)
9 no LiClOy, i = 3 mA (constant current)* 55 8 I 8. 65% R = OEt (20), 72% 21, 62%
10 Using ElectraSyn 2.0¢ 84 10 o o Na O
i I i
?Reactions are conducted on 0.2 mmol scale and yields are determined by Na P." OEt Fi 'OEt F{ 'Ph =
'H NMR using 1,3,5-trimethoxybenzene as the internal standard. | OFEt HOAC U\/ OEt Ph R
bReaction at 50 °C. = O bn
¢ Full cell voltage (U,gy) varies between 2.1 and 2.5 V. 22, 59%3 22, 78% 23, 46%° 24, 59%2

dUsing 1.5 equiv of 2, 0.3 mmol scale. 52



D)
N

2H* £
oe- /' optimal conditions cl P,
- S (Table 1, entry 1) | 'Ph
. Sy h
Ha Ts 57%, dr=1:1

Pt cathode N
Ts
'ﬁ' 25 26
Iy — P . e .
[MnT]—Cl H” thh Scheme 3 Radical cyclization experiment
2
Anodic event1 ~ }
[Mn'"]—Ci 1l R ‘\‘:
BRET en ' Nen b :
" T Ph™ * "Ph substrate
|
O
.o
cr Hf""‘\/F"\"“F‘h
[Mn']|—Cl| --—— [Mn'! Ph
[}
Anodic event 2
E2 a0 o
Mn"]—Cl ! ||:|, :
'R VPh)
[ ! Ph |
product

C anode

Scheme 4 Proposed mechanism
53



0.05

0.04-{

0.03+

0.02-

i(mA)

0.01+

—— Mn(QTf),, bipy, no HOAc
Mn(QOTf),, bipy
~3
2 (10 equiv), Mn(QOTf),, bipy
2 (30 equiv), Mn(OTf),, bipy

-0.01

I T I I

' LSS e S S '
0.0 0.2 0.4 0.6 0.8 1.0

E (V) vs F¢”

I

1.2

14

—— Mn(OTf),, bipy

0.30 LiCl
LiCl, Mn(OTf),, bipy
2 (10 equiv), LiCl, Mn(OTf),, bipy
2 (30 equiv), LiCI, Mn(QTf),, bipy
0.20
/
< /
£ 0.10- /
" — ‘/ ”
_ ~
0.00-— =
-0.10+ r 1 | | |
0.6 0.8 1.0 1.2

E (V) vs F¢™

MnBIIINECI-—ClRSEMRER: Mnfg# 7 Cl-a9sft, T Mn(lI)-Cl
HININEERH—1E5E:  Mn(I)-ClgEiE{Ri 289811

1.4
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New Bisoxazoline Ligands Enable Enantioselective Electrocatalytic
Cyanofunctionalization of Vinylarenes
Niankai Fu,” Lu Song,':' Jinjian Liu, Yifan Shen, Juno C. Siu," and Song Lin*

Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853, United States

(B) New reaction: enantioselective cyanophosphinylation
by rational ligand optimization

O

R;P—H + TMSCN ¢N @ 86-95% ee

ArTR . > Jﬂ\r"';\""F;f"R
catalytic CulL”

R
O\IIXI/ O ligand optimization O\”Xﬁ O
S,N NJ | > N NJ
R R

RO /—OR
steric repulsion sites 0 O
(R = alkyl, aryl) labile coordination sites
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Table 1. Reaction Optimization®

0
Ph,P=H (2) + TMSCN
/©/\ Cu(OTf), (3 mol%), ligand (6 Mol %) CN O
- A P
MeO electrolyte, [H*], solvent, 0 °C AN \prl? h
(1) C(+)/Pt(=), i =3 mA (1.1 mA/cm?)?,C=2F (3)
Entry Ligand Electrolyte [H7] Solvent Yield (%) Ee (%)
1 L4 LiCIO4  HOAc  MeCN <1 ND
2 L4 LiClO4, HOAc  DMF 20 79
3 L4 LiCIO, TFE DMF 18 76
4 L4 TBABF, TFE DMF 51 84
5 L5-L14 TBABF, TFE DMF <10-63 12-79
TFE: =®FBREE )n
. 0 o)
o\’X(o L4, R="Pr  .¢ | ., 0 0
I 1) (L5), R = ‘Bu N N o
N N—/" (L6), R = Bn ¥ (L8). n =1 %
R (L7),R=Ph = Pr Pr
R (L7) (L9). n=3 (L10)
Me Me
S
© I | © O | - O | D
0 - 0]
Sf-N N 110 I N I l N ‘
R [ ~N N N N
(L11), R="Pr (L13) 'Pr (L14) pr
(L12), R = ‘Bu

Scheme 2. Development of Serine-Derived BOX Ligands

(A) Enantioselective Cu-catalyzed C—H cyanation by Liu/Stah|'>d

H

OAc Cu(OAc), L9 NG OAc
NFSI
L SO
CGHE! r.t.
99% ee
(B) Rational ligand modification: introducing second-sphere
functional groups
R
}aﬂ&' reductive elimination
\‘Rr F’Ph2 \ ’_,,.-N (enantiodetermining)
S’ J @ up to 84% ee
12:1 er
BT
(R = alkyl, aryl penta coordinated Cu
L yh W) ) complex proposed in ref. 15d
Common BOX ligands ligand CN ;C:I)
modification Arf‘\-" PhPh
New sBOX ligands
(" ) ROC R'
u.R“
Ojﬂro L }a\l"\' up to 95% ee
N .
SJ\' P-}J Ospp, (39:1 er)
RO,C CO.R OFNCulIELfz
OR o) PN
| ssoxm 7 1T RRAY)
rigidified scaffold AN, FRMHE
EifiJee o6



Scheme 3. Substrate Scope”

(A) Comparison between sBOX and other oxazoline ligands (numbers
in parentheses are er values)®

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

: (3) CN O ;
E R :
: 30 .
+ MeO o !
: L4: 51%, 84% ee (12:1) 3 50 i
' sBOX(Me): 15
E 42%, 91% ee t211} 10 !
' sBOX(Et): 5 I I :
| 44%, 90% ee (19:1) l FEEE § 5
' sBOX(Pr): Teoer®o 2 d2YTEFT
| 66% (82%)°, 94% ee (32:1) XXz !
' sBOX('Bu): catalyst % % % % :
' :

63%, 95% ee (39:1)

(B) Comparison between Iigands 4 and sBOX with other substrates®
(14) CN O CN Q (16) CN O
= 1

Pph P*"Ph : E'LF‘:;_IPH
I T
cl

L4: 53%, 82% ee (10:1) L4: 70%, 89% ee (17:1) L4 65%, 81% ee (10:1)

sBOX('Pr): sBOX("Pr): quﬂ}{I"Pr]:
86%, 92% ee (24:1) 77%, 92% ee (24:1) 78%, 88% ee (16:1)
(17) CN O (18) CN O (19)

CN O
: 1]

~f~Ph
Ph
Ph

L4: 62%, 83% ee (11:1)
sBOX(*Bu):
58%, 93% ee (28:1)

J@”\’

Ld: 46%, 84% ee (12:1)
sBOX(Pr):
62%, 89% ee (17:1)

~h~Ph
Ph
Br

L4: 76%, 79% ee (9:1)
sBOX('Pr):
71%, 87% ee (14:1)

(C) Remaining substr’ates investigated [with sBOX('Pr)J°

P“Ph

63%, 88% ee
@ N

55%, 90% ee

86%, 95% ee
(72%, 92% ee)” cN O

CND

P“Ph
Ph

E
=0
f

o,
70%, 88% de (96% de)® 82%, 86% ee

(29) N Q (30)

I CN
Rpn { &
LY
g N Ph N
Ts

64%, 86% ee

@

6?%, 92% ee
(32-33)

O CN O
A
Ar = 4-MeO-Ph: 60%, 90% ee 46%, B6% ee

Ar = 4-F-Ph: 52%, 90% ee
(36) (37)

ONCGN

82%, 89% ee’ 59%, 93% ee'

(22) CN O

\@/\/P"Ph

79%, 92% ee
(65%, 91% ee)?

CN O
JD/\/P“PI'I
85%, 88% ee

CNO

11
65%, 90% ee (94% ee)®

(31) ON O

= : Pl'" Ph
Ph
—
Me N

70%, 90% ee

(35) CN
‘Bu

76%, 88% ee’

®  ong 4

\\ 1,

o,

65%, 98% ee’

21,24, 27
ESZ,L,\
{ReB
28-315
BB LA
TREE 5
IR
32,338t
—REE
34
T E
g
35-38
&g
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Scheme 4. Product Derivatization”

J:'l ?“

OJ
|=~|=-h2

339% (3 steps) 46% (2 steps)
92% ee | (a),(b).(c) P_ Ph 92% ee
80% (2 steps) | (a)lb I 66%

92% ee 91% ee

92% ee
NHBoc
Ar.
\(\NHE /L/ﬂ
P~
PPh, Ar Ph

41 42

“Reaction conditions: (a) CoCl, (cat.), NaBH,, MeOH, 0 °C, 83%
yield; (b) CeCl,, LiAlH,, THF, 50 °C, 96% vyield; (c) 3,5-
Bistrifluoromethylphenyl isothiocyanate, DCM, 42% yield; (d) 3,5-
Di-tert-butylsalicylaldehyde, EtOH, reflux, 55% yield. (e) NiCl, (cat.),
NaBH,, Boc,0, MeOH, 66% yield.
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(A) I H* 14
o
@ [ ' -
12 - — Cu/sBox('Pr)
Pt cathode Hz - Cu/sBox('Pr) and TMSCN
o .;::’c 10 = Cu/sBox('Pr), TMSCN and 2
CN™ T = .
CN —-—— Hﬂﬁ'um g
H1
Anodic event 1 JE . 6 -
. TN 44
CN HI'E.“‘H1 Temeenen i
substrate
2 -
0 =
0 -
CN- * _Pepy -2 -
Q= RO
-4 1 ! 1 ! 1 ! 1 ! 1 v 1 v 1 v 1
Anodi ‘o -800 -600 -400  -200 0 200 400 600
nodic even g .
: CN O i El mV vs Fc*™
o o
(eon A
L Figure 1. (A) Proposed electrocatalytic cycle. (B) Cyclic voltammetry

product data.
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Electroreductive Carbofunctionalization of Alkenes with Alkyl
Bromides via a Radical-Polar Crossover Mechanism

Wen Zhang and Song Lin*

CitE ThiS: JI Am Chem SOC. 2020, 142, 20661 —206?0 ] +e~ Regiose|ective carbofunctionalization
R'—Br via radical/polar crossover mechanism
(R")-

(C) Electroreductive carbofunctionalization of alkenes with alkyl halides R® * +e~ - E* E
(intermolecular or intramolecular; this work) & sI~R 3 I~_R' — 34\/R1

R? RRZ RR2 RRZ

+ a8 i
— — (R} (radical-acceptor
R'—Br (RY) alkenes) @

~ _C : ‘e z £+ E CHO H COH J\, 1
2 | 1 1 1 1 1

2 3 3
R R
R? R? R? -
(Int-1) (Int-2) e S
carboformylation hydroalkylation  carbocarboxylation  allylic alkylation
(51 examples, 32 examples, 25 examples, 2 examples, 60
)

13-90% yield) 28-81% yield) 25—73% yield) 40-51% yield



(B) Rationale for reactant choices: a case scenario

e ~
\_ :'h/j\
(Int-4) I'-.,-‘-:}f Pr-ﬁ:‘:—- (Int-5) (Int-7) pp AP

iy b, o A

' (Epgg =—2.6 V)

e e Me . .'
i e Nt N > AP
ME1 )

(Ereq =—2.0V)  Me (Int-3) ,  (polarity-matched) (Int-6)
e |
(Erog=—1.6 V)
DMF Y
CHO {Ered ==3.5 V} - fPr PrBr Pr
[ -] N s e e = o
Ph er Ph (Int-8) slow) :‘h/l\" r
3 6
co,
(Erea =—2.2 V)
H CO,H
FP- FP
Ph’l\/ ' Ph/l\’ ’

{ES94R4E-CHO,-H,-COOHRIE+, DMF,MeCN,CO2
RIRFEALE, MRRERFRIHEIE

oh” Xy ! (slow)

(C) Electroreductive carbofunctionalization of alkenes with alkyl halides

(intermolecular or intramolecular; this work)
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R-5EREEHNIRES T BIBEKLL
NARERA AR
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Table 1. Reaction Optimization”

m "PrBr, LiOTf (2.2 equiv), DMF (8.5 mL) )C\Hj

- ip
‘B Mg(+) | (), undivided cell Ar o
u g(+) | C-), undivided ce

7 (1 mmol) i =10 mA, 4 F/mol, 22 °C 8
yield (%)
variation from above conv. of
entry conditions 7 (%) 8 9 10
1 none 85 71 7 6
2 2 mol % Colsalen) 93 55 8 <2
3 'PrCl instead of PrBr 84 9 0 0
4 'Prl instead of 'PrBr 99 22 10 35
5 Zn(+) instead of Mg(+) 28 <2 2
6 Mg(—) instead of C(-) 38 6 5
7 4.2 mL of DMF 99 88 5 &
N Ts =
[8 sallrfi: :sq:il:.'troyf 1%1;?1& 99 89 (86) 4 6] Eit?r
9 same as entry 8 but using 90 45 19 14
a divided cell
10 MeCN (4.2 mL) instead 76 0 65 2
of DMF
11 same as entry 9 but with 85 0 77 (73)" 3
E,NH (1.0 equiv)
12 no electricity 2
13 no electricity but with 3
Mg powder

“Reaction conditions: 7 (1 mmol, 1 equiv), ‘PrBr (3 equiv), LIOTf
(2.2 equiv), DMF (8.5 mL), Mg anode, graphite cathode, undivided
cell, constant current i = 10 mA, 4 F/mol. Conversion and yield
determined by '"H NMR. “Isolated yield

i _N N=
Hr - G

10 o(salen)

RS

entry2: fOACo(salen){E&#7—9, K=K
entry3,4: EMERAIR-Br, R-IFBERIF/RMN
entry5: FZnXEMolE/44ERENR, E£RMEYZN2+7E
BRthiAIR, SIRARNFES

entry7: DMFEAZRFRENFZHAFISRAY, KFH
B, RELF, FEEF

entry11: IOINBRFHAERNH, BRI KIEMN

62



Table 2. Scope of Styrenes for Carboformylation”

- CHO
u-Br LiOTf, DMF B
Pr-Br Mal+} | Gi=), i =10 mA, 4 F/mel, 22 °C
R=H{11), 720
CHO Ph (12), 63% CHO CHO CHO
" [l F {13']1 T5% 'Bu ‘Bu 'Bu
/@)\.«BU Cl (14), 75%
Br (15}, 77%
R OMe (16), 76% . F
SMe (17), 78% 19, 68% 20, 66% OMe 29 p3o
MMes (18), 50%
CHO CHO CHO CHO
'Bu tBU GID/K(TBH MEOHI\/H
o MeO Br
F 22 70% 23, 65% 24, TA% R = 'Bu (25), 38%
CHO R = 'Pr (26), 63%
Me CHO
MeQ By MeO R - Heteroaromatic Alkenes -
MeO MeO 5 iPr MeN, '8
OMe 4
='Bu(28), 40% 1 ‘y
27, 68% = 'Pr (28), 62% Me
30, 52% 31, 51%
CHo, GHO CHO Me CHO
Bu Bu " M '‘Bu
- Bu
™ *f“ o {0
S e
Me Ph MeQ” "N
32, 47% 33, 53% 34, 79% 35, 70%
Qj/l\, (mlsu h)\,!au Wiau
36, 50% a7, 52% 38, 50% 39, 60%

“Reaction conditions: alkene (1 mmol, 1 equiv), alkyl bromides (3
equiv), LiOTf (1.1 equiv), DMF (4.2 mL), Mg plate and graphite
plate, undivided cell (ElectraSyn), constant current i = 10 mA, 4 F/
mol, 22 °C. Isolated yields are reported.

Table 3. Scope of Alkyl Bromides for Carboformylation”

LiOTf, DMF
+ R-Br - R
Mgi+) | Gi=), 7 = 10 mA, 4 F/mol, 22 °C

CHO CHO

MeQ™ "M
47, B0%
CHO
=
|
MeQ™ "N
50, 4% (dr 1.2:1)
O
CHO " CHO 9 CHO o
MeO, MO
=
P
MaQ” "M
51, 61% 52, 629 (dr 1:1) 53, 85%
CHO Me CHO Me CHO Me

Ph

%

OMe 54, 40% (dr = 1.5:1) OMe 55, 77% (dr = 1.2:1)

CHOMe CHO 0 CHO
SPh meq MeO
Me Me

56, 82% (dr 1:1)

W

oo

57, 60% (dr = 1.3:1) 58, 51% 59, 68%
CHO CHO
MeO
0 —gaky
60, 33% 61, 13% 62, 40% J‘E }?\ Eaﬁzjg

“Reaction conditions: alkene (1 mmol, 1 equiv), alkyl bromides (3 W
equiv), LIOTf (1.1 equiv), DMF (4.2 mL), Mg plate and graphite {E‘E' ):i}:zt-t
plate, undivided cell (ElectraSyn), constant current i = 10 mA, 4 F/ E 63
mol, 22 °C. Isolated yields are reported.



Table 4. Substrate Scope of Hydroalkylation” Table 5. Substrate Scope of Carbocarboxylation”

Et,NH, LIOT!, MeCN COzH C02 tl{lD M FEEJ‘T:EEI EJ:_ COO H Ej-
" e o 0’” O e e o SLUEFIDMFRER, AR

=]
[F)RR
pinjB /@)\,‘Pcnl /@/L\/‘Pem @)\JEU gJPen
63, 50% 64, 72% 66, 65%
CF3 R MeQa
94, R = CI, 70%
: : b
CO:H COsH Me. COzH
87, 40% e& 7% 89, 43% 70, 55% ‘Pent SPent Megj@)(\/r””
I
O ey D Cy I Bu )
@ e 99, £3% wu. 5% 104, 47%
o MeO
73, 64%

71,53% '.-2 E1% COzH COzH COzH

'Bu MeQ i MeD o
Scheme 3. Synthesis of Precursor of Bioactive Molecules
Mal
QT\/OL 102, 73% 103, 42% 104, 52% {dr 1:1)
CO,H
H H
4, 65% 75, 4484 76, 47% [dr =2:1) COgH 5] CO.H CO4H /@/x\ SPent  ref. 34b HoH
Mel Meal CF.§ ﬁ - —_— . ‘n’ Me
3 CFsS o o
117 118, 55% CF3S
Q:,/\/O Ch/\/o QT\)\/\ 119, Glucokinase activator

108, 40% 106, 39% idr 1:1) 107, 58% H
e e mm e oA me e eses e e e eaeasamseeeenassmsannonnn Ph
77, 48% 79, 71% friny Srj.r.-eﬂe alkanas: o \“,N\
R COzH HOL X pr 9% OGN NP Ncosen
*@\ COMH 2 N ‘I':"I:.'){':‘:O:H 2 Ej/\ 2 ‘_ !
J\/O N ~“Acosen “~~cogn oy 0 o
2 120, 52%
80, 55% 81, 52% 82, 50% R = H (108), 35%° 110, 57% 111, B4% 112, 40% 121, Histone deacetylase inhibitor
R = C1(109), 54%
o */O ‘16 o con
2 CO;H COH i ) 2 ref, 38b "Pr’\(\co H
P "Bu\)\“,hlr.'lez "Bu : HM%ED;FH + "Bu\__).‘ : #>on —@- ‘Pr\)\cN — B
83, 40% 84, 44% 8S, B1% 86, 76% o N S0zFPh | 122 123, 40% NH;
o 113, 60% Maggy 5 NS4 "6 10% 124, Pregabalin
Ph . “Reaction conditions: alkene (1 mmol, 1 equiv), alkyl bromides (3
87, 28% 88, 45% (= 12114 EZ=2001)° 9uly, 42% [34% D) Equiv} TBAPE, (1.1 Equiv} DMEF (4.2 mL), CO, balloon, Mg plate
g and graphite plate, undivided cell (ElectraSyn), constant current i=
) . Me NHAG 10 mA, 4 F/mol, 22 °C. Isolated yields are reported. ba09%
BU~~gpn ~"Bain 'E“\/J\Bpin ‘B“\/J\DDZM, Markovnikov hydrocarboxylation product (97) was also formed. 64

“Constant current i = 5 mA.
B9, 50% a0, 41%7 o1, 51%° 82, 67"



Scheme 4. Plausible Mechanism

Scheme 5. Control Experiments for Mechanistic Study
Pathway A: ECEC radical/polar crossover initiated by alkyl halide reduction

(A) Direct addition of Grignard and lithium reagent C-ABEEEMRE)7
. Y
+ e 'PriMgBr (125) DMF or MeCH
R2—-Br — (R’ m + or e > 3
3¢ -
Bu 'BuLi (126) 0t022°C (for 128)

£ 7 -25°C to 22 °C (for 126) =~V

. +e - E* R =/Pr, 8 (Y = CHO) or 9 (Y = H)
R e B v R1k/“ R ='Bu, 127 (Y = GHO) or 128 (¥ = H)

{Int-1) (Int-2) B) Reaction with chiral alkyl bromide = 2% conversion of T
standard condition
Pathway B; EEC polar mechanism initiated by alkyl halide 2e-reduction m
-

- Me in DMF _ CHO Me }_“—Zq;%%ee
+ e + e MeO N /\é: /l\.)\/

Ar Ph
RZ—Br ——= (R%)" —= (R

129 (130, 98% ee) 131, 52%, dr = 1.4:1

for both diastereomers

(CYRadical probe experiment
il + E
E
’ ) Ph CHO
R R —— R
RN R1J\/ v/ _ standard condition in DMF Ph 2 -Ph
(Int-2) H +  ipBr -
PR iPr
Pathway C: ECEC radical anion mechanism initiated by alkene reduction

i B

132 133, 66%, E/Z = > 2011
" _.Ph __.Ph
R — g7 \v ver
i —_— I r. —_— I ‘
= Ph Pr Ph Pr

phe - PT
e = E* =
2_B R' 4 b R’ )\,R‘
R r Rv""“\-..f . R‘l""\..f A R!

il (Int-1) / (Int-2)

EEFSN2RAE, R2BAZEREFIHENE



