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electrosynthesis of phosphine containing organic compounds by
formation/cleavage of C-Si, C-P, C-S and other hetero-hetero bonds .
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Not covered in this GM:

1. Modification of electrodes with Si/P/S to promote reactions (2014, Rosen)

2. Electrosynthesis of Si/P/S containing organometallics
3. Electrosynthsis of organic compunds with non-participating Si/P/S typical related h .
4. Electrosynthesis of Si/P/S containing polymers/clusters. Jprlzzhriz:'T-I rgﬁiﬁ;ﬁ. Sgrt:inps.
5.Electrosythesis using metal-Si/P/S complexes as catalysts ' T T
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Tetrahedron 1993, 49, 9621 (cathodic reduction /old literature)
Chem. Soc. Rev., 2021,50, 7941 (recent progress)
ACS Catal. 2023, 13, 12, 8038 (recent progress on Si)
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Cleavage of C-Si, C-S bonds cation pool strategy

Chem. Rev. 2018, 118, 4702

T™S
m : J. Am. Chem. Soc. 1999, 121, 9546
evided ce R\(\/ Chem. - Eur. J. 2010, 16, 8162
X=H.Y=N: Tetrahedron Lett. 2001, 42, 2173
) ' Y J. Am. Chem. Soc. 2004, 126, 14338
R anodic R
idati N
>—X oxidation >® — 4 R\l/Nu Tetrahedron Lett. 1987, 28, 6621
Y B 'ﬁ,?' It Y X=TMS,Y =N: Y J. Am. Chem. Soc. 2004, 126, 14338
usN- salts Chem. Commun. 2003, 354
DCM, -78 °C R'
dienophiles A
j\ S MeoH OMe
X=TMS,Y=N 07 N /\TMS
typical substrates COOR
Org. Lett. 2003, 5,945 R R-M  Meo
R'-Hal, (SnB R
Q_TMS Q al. (SnBug), Y—R'  J.Am. Chem. Soc. 2005, 127, 20, 7324
bOOR ‘COOR X=TMS,Y=N Yy (No initiation needed, SET)
Z>coome
COOMe cathodic
p R reduction R COOMe ; Am. Chem. Soc. 2002, 124, 30
R™"TMS Bull. Chem. Soc. Jpn. 2004, 77, 1545
(- X=TMS,Y=N Y devided cell
™S
OMe OMe
/\/TMS
R)\TMS R)\SPh |z~ o RN J. Am. Chem. Soc. 2000, 122, 10244
X=TMS,Y =0 Y (crucial role of silyl electroauxiliary)
RO
Rgg&\&/s;\r ATMS R \N Tetrahedron Lett. 1996, 37, 3157
—
Org. Lett. 2004, 6, 3755
OR X =SPh,Y=0 v g
BF, Y
SAr A Ar —_— ROD\//ﬁ Org. Lett. 2004, 6, 3755
R” O SAr X=8Ph,Y=0 E (more reactive cation)
™S Tio-
> RO J. Am. Chem. Soc. 2007, 129, 10922
X =SPh,Y =0 \/A"““OTf
MeOH Y
—————RO-—\___ Org. Lett. 2004, 6, 3755
X=SPh,Y=0 OMe
MO
RO Y,
~—\SPh  pot—NY 0
—_—

X=8Ph,Y=0

Org. Lett. 2004, 6, 3755
wlp 1.4 ROT—X_sPh

Electrochim. Acta 2005, 50, 4792

Nu
anodic E— K
onidation NU-SAT retranedron Lett. 1998, 39, 4657
ArSSAr —— ArS(ArSSAr)* — -
- -
quench ArS SAr ArS Nu
with Nu Nu soft Nu hard
Asian J. Org. Chem. 2013, 2, 325
Chem. Lett. 2009, 38, 1186
TMS
A OMe J. Am. Chem. Soc. 2006, 128, 7710
X =OMe R X Tetrahedron 2009, 65, 10901
ArS(ArSSAr)*
oS _Ph
X i ArSSA xPh P
(from Ar. ) Ph/\/ i Ar Heterocycles 2008, 76, 1103
R” “SAr indirect X =OMe Ph
anodic R
oxidation Nu Nu
P8 Bull. Chem. Soc. Jpn. 2016, 89, 61
X = SAr R™ "SAr
™S anodic anodic also
oxidation oxidation RCM D_TMS

N TMS A wger BN E: - N s

COOR gbr n L00R COOR

J. Am. Chem. Soc. 2002, 124, 14824

anodic oxidation, TfO"

Bno&ﬁ/sm

then only B
nog SAr PhthN B%ogg\g\/s,\,
NPhth n NPhth

Org. Lett. 2013, 15, 4520

anodic
Ar\r Ar oxidation
T™S then O O
Ph Ph i
TMS
™S iterative
assembly

J. Am. Chem. Soc. 2008, 130, 10864
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Cleavage of C-S

from RSR'
. F o+
SPh anodic (promoted by Ar3N)
oxidation \/@ w/o ArgN: 52%
—_—
N /l/:N w/ ArsN: 83%
o (2,4-Br,CgH3)3N o
Et3N «3HF Synlett 2001, 8, 1269
see also: J. Electroanal. Chem. 2003, 540, 189
from RSO,R’
R\N,R' (+)Mg| Pt(-) R\N,R‘ J. Org. Chem., 1984, 49 , 953 (Hg electrodes)
|
Ts naphthalene Ill Tetrahedron Lett., 2010, 51, 435

Cleavage of P-C bonds

R
I ® ¢1°  PborHg cathog P
P —— |\R stability:CHz > CgHs > CoHs > C4Hg > iso-
P | DR e 1 CsHy > tert-C4Hg, HOCH,CH,, CgHsCH,
Ph >30 exmples
26% to 95% Leibigs Ann. Chem. 1961, 646, 65
?" o ?n o cathod .
| H] '@ B leavage P.
| ~ Br [ r c g 20
/?Q — PO ——— Me” | Npn [0l = +16.8
Me | Ph h-C.H
allyl n-C3Hy &
thod retention of configuration
l cﬁaaavgge during cathod cleavage
n-C3H;
. 1 cathod n-CH
P n-C3H7Br p® Br cleavage 3 7 [o] 13.45
EE—— —_— D =-13.
Me/i\Ph Me/i\Ph \-/
allyl allyl

Tetrahedron Lett. 1963, 4, 965
Formation of C-S bonds
Review: Acc. Chem. Res. 2019, 52, 12, 3309

From R-SH/RSSR o) . o
paired
electrolysis
RSSR + NH Y N-SR
NaBr

° J. Org. Chem., 1979, 44, 1554

anodic
HS | S oxidation
7 avoids
overoxidation
R-SH R'X
or T > R-SR’
thodic
RSSR canoc
reduction

divided cell, -H,
J. Am. Chem. Soc. 1977. 99, 6323
Bull. Chem. Soc. Jpn. 1986, 59,2873

Inorg. Chim. Acta. 1988,145,237
Synthesis 1990,841

sacrificial

R-SH anode RS-[M]

Inorg. Chim. Acta. 1982, 59, 1

@

electron rich

ArSSAr
as intermediate

Chin. J. Chem. 2019, 37, 49

RHN  COOEt
— R'HN  COOEt
R H

) _< TR
cross radical coupling R S_<\j//

Chem. Sci. 2019, 10, 2791

NuH
N s
A R “Y\/ | N Sci. Adv. 2018, 4, eaat5312
R R Green Chem. 2018, 20, 3444
Nu=OR’ NR o Angew. Chem., Int. Ed. 2017, 56, 3009
FeCl,, H,0, g
DMSO -
| \—R Green Chem. 2018, 20, 1405
R _

R'/K F O

1

S .
EtsN-HF R" i | Xy Chin. Chem. Lett. 2022, 33, 2009
CCly/H,0 _R with HOAc: Sci. Adv. 2018, 4, 5312

| DCE
e e O )
Green Chem., 2022,24, 1342

BnCl, H,0
Inorg. Chim. Acta. 1988,145,237
’ ’ Cs,CO \/ A
7h Obshh Kihm 1988.58, 654 2C0; OOR J. Org. Chem. 2022, 87, 6942
1,4-addition/epoxide opening, see: )]\
. PhB(OH), [o) H
Akad Nauk Rossu Ser Khim. 1992, 2605 DME. H.O o
Izv Akad Nauk SSSR Ser Khin 1990, 260 —~ R--/{\/S\G 9. Lett. 2021, 23, 9140
R’ —R
=
OAc o
)j\/s
L J. Org. Chem. 2022, 87, 5856
Z
ArSH
Mot [N ArSAF Angew. Chem., Int. Ed., 2019, 58 , 5033
9(+)[Nifoam (-) X =1, see: ACS Catal., 2019, 9, 1630
Ar' 4.0 mA AcO
r'X fo)
- AcO
X=Br,Cl  NiBryeglyme Ac&v\’SH
dtbpy OAc (also alkenyl/alkynyl)
LiBr, DME "% gluU—SAr Chem. Commun,, 2020, 56 , 4464
2 (+)C|Pt() OH ar N
TBAB, MeCN ! NS gE -
H BuSH —— » SBu Ar)\(b __/ BF4
A-Mes . then S—/
DMAP, 45 °C anodic AMos

Org. Lett. 2014, 16, 1928 oxidation
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From RSR anodic : Other anodic
idati '
R,S oxidation RSC(NO,); OMe ' o o s oxidation NH, O
(NOy)sC” Elektrokimiya 1985, 21, 136 ' + [ N NOEt
! )J\/U\OEt HZNJ\SNH4 NH,4Br
OMe 5 (50 mol%) SCN
©/ diphenylsulfide | (through Bry) Green Chem., 2016,18, 3767
S S undergo selfcoupling H s
anodic oxidation /©/ \©\ : (+)Pt] Pt-) )j\
MeO OMe MeO 1 B TBABF4,K,CO4 S” "NEt,
H —_—
J. Electroanal. Chem. Interfacial Electrochem. 1975, 66, 138 ! + PhSeSePh + ELNH + CS, MeCN
Electrochim. Acta 1983, 28, 1465 ! e
-------------------------------------------------------------------------------------------------- - SePh
From RS(X)R !
H H H o o*S +RVC | PY(- J. Org. Chem. 2023, 88, 5321
ArXR Ar)\(R anodic oxidation H)(O >S< E ©\ TEMPO TBABF4 S, S/TEMPO
or 1
H trap with Ar ' M CN/M oH N/> /)\ proposed
DMSO Et.N @S ! € € N intermediate
3 | ' also w/ PhCOONa:
HO H OH ' Green Chem., 2017,19, 2092 ACS Catal. 2017, 7, 2730
;
J. Am. Chem. Soc. 2011, 133, 11840 A R orAr)kn/ )YR : s (+)CIPt(-)
H _C~ TBABF, —\
if NaOH if NaoH OH N* [ ) C[S/)_N o
NTs ; ©/ MeCN/HZO N/
S. H °C
Ph”>“Ph Ph ;
| ) o | S@ ! Green Chem., 2017,19, 2092
anodic oxidation N"""Ph | T e e e oo
— Ts —>35 c \ Formation of C-Si bonds
MeO MeO MeO (more see miscellaneous)
stablized cation pool J. Am. Chem. Soc. 2016, 138, 8400 catholic Chem. Lett. 1985, 463
-------------------------------------------------------------------------------------------------- reduction J Organomet Chem 1985,284, C33
From RSO,X ArH RX + TMSClI ————— TMSR 5.4 Clem 1986,56,3996

also from o J Org C&em 1989,54, 4829

electro-rich 9 n
. —————— - -
L3 (orbom)
o

:
1
H
H
H
H
i
o] nodi 1 MgBr
R S—NHNH, —29200n Chem. C 2018, 54, 11471 | anodic
1] 2 R'OH,R"/\ ena. ommun. 1 9% H N \ / OX|dat|on N
0 o —_— 1} E /Sl /
ROg R gw_R.. ; Bu,NB( CGF5)4 N= i N=
3 R'O ACS Catal. 2018, 8, 10871 N\ \_/
:
o o anodic thro(t;gh i stablized silyl cation
_oxidation ! .
Pht oM . Ph)x oxidation O’ SO,Ph ( onei_| : PQ Beilstein J. Org. Chem. 2007, 3, No. 7
Ph TBAI s ! H H-SiMe.tB TFA, LiCIO,
halides are crucial. H + HA=SilleBu SiMtaBU
) Org. Lett. 2017, 19, 3131 : MeCN
See also: Chin. J. Chem. 2016, 34, 1277 H Pt(+) - RVC(-) Org. Lett. 2023, 25, 1008
Green Chem., 2016, 18 , 6311 ' blue LED rg. Lett. » 25,
_ 00 H
R-B(OH), Y (HO),B-B(OH), i ) CeCly 7H,0
AR i MeOH, TBACI
(+)C | Pt(-) Et4,NBF, H S + HSIR3 ——8 ———
ArSsO,Na ———> A J. Org. Chem. 2023, 88, 4, 2296 E N MeCN/PhCI SR,
MeCN/H,0 NPZN . i )\( C felt(+) - Ni foam(-
' COOH _ A !
No halide =2 AT Ng0,ar ' o 1 390 nm
needed ELNCIO, J. Org. Chem. 2016, 81, 4876 ' CCS Chem. 2022, 41796
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Formation of C-P bonds
Acc. Chem. Res. 1999, 32, 1, 72

From PR3
PhH
EEE——

NaClO,4

MeCN

anodic <;>

oxidation
PR3

as low as 1V LutClO4
(SCE, MeCN) K,CO3

LutCIO4

PPh,Cl + Br(CH,),Br Q_OR.
>

+)Mg | Fe(-) TBABF, _
NMP LiBF,
Ph,P(CH,),PPh,

85% o o

cathodic )J\/U\
reduction Tetrahedron Lett. |Ph Me
(PPh,7) 1987, 28, 1885 >

R'-OH

/\/TMS
>

® J. Electroanal. Chem. 1973, 48, 425
PPhy

Tetrahedron Lett. 1985, 26, 2199
Chem. Pharm. Bull. 1987, 35, 4960

®PPhs

€] Chem. Lett. 1987, 16, 1335
/\/PPM Chem. Pharm. Bull. 1990, 38, 2698

0
NG
ﬁ PPh, 7

Ph
J. Chem. Soc., Chem. Commun. 1990, 1310
O O o o
Ph Me Ph Me
@ PPh, PPh;
(LutClOy)

(HCIO4) lutidine released

J. Chem. Soc., Chem. Commun. 1988, 0, 874
Chem. Pharm. Bull. 1988, 36, 613

—>R3H2(;)—0R' Soft Nu attack C: SPh, SCN, Cl, Br, BF,

Hard Nu attack P: F, N3, PhO

Chem. Pharm. Bull. 1995, 43, 1076
Chem. Pharm. Bull. 1996, 44, 1480

anodic
o oxidation
LutCIO4
e ‘OO
o then O
17%
J. CHEM. SOC., CHEM. mecahnism?
COMMUN., 1988, 874 o

Phosphorus Sulfur Relat. Elem. 1980, 8, 55

From P(OR)y/HPO(OR),

catholic
H—B OR reduction > (I? milder than Michaelis-Becker (strong base)
(OR), RX —P(OR)2  jn sity preparation of phosphonates for HWE
-H, Izv Akad Nauk. SSSR , Ser Khim. 1988, 1945
Izv Akad Nauk. SSSR, Ser Khim. 1991, 1151
anodic o
oxidation 1]
RH + P(OR); R-P-OR' Chem. Commun. 2019, 55, 4230
H, OR' Green Chem. 2019, 21, 4412
substrate l\llle N n o)
N
electron- | N \l R{I I
rich arene _N H Z N H

(+)RVC|RVC(-)
TBAPFg, MeCN
devided cell, 0.8 mA
_—

Ar—Cl + P(OEt),
NpMI
blue LED

O OiPr,
N

aryl radical
9 .
Ar—B-0Et © O
OEt OiPr
NpMI

J. Am. Chem. Soc. 2020, 142, 5, 2093

Also with 4-DPAIPN, see: Angew. Chem., Int. Ed. 2021, 60, 21418

=N 0 (
<\:/)—® + H-POE), — 2

1l
(+)Pt] Pt(-) EtO). 5

“r 0A°> iN & [(PhPy)Pd(EtO),P(O)],
Et,;NBF, \ / isolated as intermedaite
MeCN

HO O
(or/%P(OEt)z)

J. Organomet. Chem., 2015, 785 , 68

(+)RVC |RVC(-)
Et,NPFg, DMA

o
|1}
F3C—©7m + H-P(OEt),

also
9

1] 1
H—P(OEt)Ph H—PPh,

O,N
1}
NO; + H-P(OEt),

O,N also tested
other P species

Q
F3COP(OEt)2

Org. Lett. 2019, 21, 6835

NiBr; «3H,0, dtbpy
phthalimide, Cs,CO3

+)C|Pt-) Nof,
TBABF,, DMF I
— =0 . 0N P(OEt),
KOtBu
NO,

Eur. J. Org. Chem. 2011, 2011, 7378
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E
From HPOR, !
)G P 0 E Disulfide synthesis .
_NR, + t(- R,N. ' anodic
N 0 MnBr, *4H,0 NH oxidation N SBUY g AvAKyl
)|\ + H-PPh, —mM> N role of Mn unknown ! ArSH + RSH ————— >  ArS-SR \>—S
Ar” "H Et;NCIO, Ar” “PPh, ' H, s
Org. Lett. 2020, 22, 10, 4016 E
(+)C | Pt(-) i Angew. Chem., Int. Ed. 2018, 57, 8115
o . LT T T T ST mommommommmmmmeee
S, + H—Bth MM S, 9 Mn(lll) trap E a-Substitution of sulfides
| ) H E,NCIO, | ) —PPhz thiophene radical | anodic oMe
ACS Catal. 2021, 11, 4295 ! Fa~ oxidation .
! SPh SPh  w/Et,NOTs instead: 0% | T~"g-F
' EtsN -3HF 72% Ph
Cl O !
(+)C | Pt(-) 1] ' MeOH J. Chem. Soc., Chem. Commun., 1991, 1027
X o Mn(OTf),, by PPh, MnIit) i
/©/\+ 1 2 py, provides P radical 1 T e
(Bu H—PPh, delivers Cl

LiCl, LiCIO,  tBu
Synlett 2019, 30, 1199

HOAc, MeCN
(eley e PN
~ TMSCN A PPh, s/N N
/©/\+ By, CuOT02 Voo J@/\/ rRooc R=BY oor
MeO H=PPh, “"7BABF, = Meo 63%, 95% ee ligand
DMF/TFE

J. Am. Chem. Soc. 2019, 141, 14480

Z N
| o  (MRVCIPt()

O\

X ™

NH 0 "

+ H—PPh, Cp*Rh(OAc); NH O

i
KPFy PPh,
MeCN, 65 °C
mechanism unclear
Angew. Chem., Int. Ed., 2019, 58 , 16770
Miscellaneous
Sulfur mediated difunctionalization o
RN R RJK(R'
anodic X ﬁ’
idati - then Et; X
Xporx- —2xdaton _ - Q7 | o J. Am. Chem. Soc. 2013, 135, 16070
DMSO /%\ RN OH
X: Br. |. ArS. ArSe —_— R R' anti-addiition
T then NaOH

Oxidation of sulfide to sulfoxide

Ni(OTf),, ligand o = =
H,0 (30 eq), MeCN 1] / \
RIS\R' —_— R/S\R' +H, \ N N /
TB/-\‘BF4 ligand
+)C | C(-
( 1)0 m/—\( ) tolerate aldehyde/pyridine 0-0
Nat. Catal., 2021, 4 , 116
Formation of thiophosphate (I?
(+)Pt| Pt(-) s-F~ome
A~ C TBAHSO,, DBU A\ A OMe
_——
SN N+ NHSCN +  H_p(ome), N N
MeCN X org. Lett 2021, 23, 4214
Ph Ph
Thianthrene mediated aziridine synthesis
s (+)RVC |RVC(-) s
R'
o~ O e £ - C0
s then L\R S
+ R'—NH, 98% returned
E4, 0.8V/1.4V vs Fc/Fc Cs,CO,
Nature, 2021, 596, 79
@
> § j\@
S
® z ® s
R S
intermedaites
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SO, as sulfur source

Ar—I + 80,

(+)Zn INi foam(-) TBAF

Sg as sulfur source

R-[~S-]-2R or

TBAB, MeCN/DMA Ar—SOz'X+ NCS Ar—SO,F
Ni(dtbpy)sBrs
DIPEA, NMPI
Angew. Chem. Int. Ed. 2021, 60, 20700

*elee)

TBABF, cathod

RSH ——— > R-[~S-]-R reduction
Sg, CS,/DCM 211 of S8

Chem.Eur. J.2021,27,11141

Deoxygenation of alcohols mediated by phosphine

ROH

(#)clce
TBAB, MeCN mechanism unclear
> R-H likely through R-Br
PPh; Tetrahedron Lett.1994, 35, 4129
paired electrolysis
(+)C[Ni(-) .-~ BocNH,
TBAPFg, MeCN Nu [ “WH
— > RNu Ly PhSO,NH
PPh;
Nu

Chem. Commun., 2019, 55, 15089

Reduction of ketones medaited by phosphine

PN

(+)CINi(-)

Et,NBr, MeCN No prodcut w/ divided cell

paired electrolysis

PPh;
Chem. Commun., 2022,58, 11155

Reduction of carboxylic acids medaited by phosphine

RCOOH — 3 RCHO

paired electrolysis

(+)CIPt(-)
LutClO,4, DCM
Tetrahedron Lett.1992, 33, 1347

Chem. Pharm. Bull.1994, 42, 1041
J. Electrochem. Soc. Jpn. (DenkiKagaku)1994, 62, 1109

PPh3 (or PBug)

Reductive cyclization of carboxylic acids medaited by phosphine

O oo —
COOH

A ~~COOH

oH?
*clee) J. Chem. Soc., Chem.
BnEt;NCI > Commun., 1995, 871
DCM
o]
PBuj, MsOH
L Chem. Lett., 1995, 24 , 249

cleavage of propargyl acetaeinduced by phosphine

solvents
(through Ar3Si7)

(also trimer/tetramer)

(+)PtIPb(-) PhsP_b.®
R" Et,NOTs, DMF H (Pd(ll)
Aco/ devided cell R/\R" R H
. Pd(PPhj3),Cly(cat) , .
R R PPhs(cat) R R
Electroanalysis 1996, 8, 769
Formation of Si-Si bonds
rgzhhcﬂfn Angew Chem, Int Ed Eng 1976, IS, 370
Ar;Si-Cl Ar;Si-SiAr, J Organomet Chem. 1981, 222, 195
aprotic J Organomet Chem. 1981, 222, 155

Monutsh Chem. 1978, 109, 1217

™S
©/\ TMSCI TMS
(+*MglC()
TBACIO,, THF
OR TMSCI 4 Y\TMS
Ph Ph |
N through \Sli—sf/
/@A e X Si\
MeO' |||
CI—SIi-SIi-SIi—CI MeO
J. Am. Chem. Soc. 2020, 142, 51, 21272
cl
(+)Mo | Mg(-) -Sig \ ¥/
¢l TBACIO,4, THF €] R H Ar -Si” si—
i ———> _Si ——> R-Si-Si-R —gi  di—
Ar TR cathod ~ Ar“L'R K R Plhgir St
R reduction /\
+2e

Angew. Chem., Int. Ed. 2023,

62, 2023035
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