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Tertiary phosphines(i) find widespread use in many aspects of synthetic organic chemistry. Herein, we
developed a facile and novel electrochemical oxidative N—H/P—H cross-coupling method, leading to
a series of expected tertiary phosphines(in) under mild conditions with excellent yields. It is worth noting
that this electrochemical protocol features very good reaction selectivity, where only a 1:1 ratio of
amine and phosphine was required in the reaction. Moreover, this electrochemical protocol proved to
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Introduction

Tertiary phosphines(mn) find widespread use in many aspects
of synthetic organic chemistry." For example, tertiary phos-
phines(ur) as useful phosphorus ligands in transition metal
catalyzed reactions have greatly promoted the development of
organometallic chemistry (Scheme 1A).> Furthermore, incor-
poration of a phosphorus(m) group into organic molecules is
important for the construction of structurally diverse mole-
cules since P chelation-assisted C-H functionalization can
introduce various functional groups into organic molecules
(Scheme 1B).? As such, efficient and practical methods for the
synthesis of tertiary phosphines are highly desirable. Among
the diverse approaches for accessing tertiary phosphines(i),*
transition metal-catalyzed cross-coupling of secondary phos-
phines with aryl halides (or triflates) is considered one of the
conceptually most reliable methods.> However, since tertiary
phosphines(ui) as very good ligands can easily poison transi-
tion metal catalysts, methods for the synthesis of tertiary
phosphines(in) via transition metal-catalyzed cross-coupling
reactions still remain challenging. The hydrophosphination
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be practical and scalable. Mechanistic insights suggested that the P radical was involved in this reaction.

of alkenes/alkynes under transition metal -catalyst-free
conditions is also a known method for obtaining tertiary
phosphines(in);® however, this strategy has only realized the
construction of C-P bonds. Alternatively, oxidative cross-
coupling is recognized as a more ideal method for obtaining
tertiary phosphines(ur). However, since the P-H reagent is
easily overoxidized to generate phosphine oxide and an
oxidant is essential to remove surplus electrons,” oxidative
cross-coupling with the P-H reagent for accessing tertiary
phosphines(m) is quite difficult.

As an attractive alternative to traditional chemical
oxidants, electrosynthesis achieves the function of chemical
oxidants by using an anode,® and thus can not only realize
oxidative cross-coupling reactions under exogenous-oxida-
tion-free conditions,® but also provide a new opportunity for
oxidative cross-coupling reactions that cannot occur with
traditional chemical oxidants. Over the past five years, R'-H/
R>-H cross-coupling reactions via electrochemical oxidation
have been extensively researched.'® However, the reported
electrochemical oxidative cross-coupling reactions have
mainly focused on the oxidative cross-coupling of C-H with X-
H (X = heteroatom), and the electrochemical oxidative X-H/Y-
H (Y = heteroatom) cross-coupling for X-Y bond formation
has rarely been reported." For example, to the best of our
knowledge, the method for the synthesis of tertiary phosphi-
nes(m) via electrochemical oxidative N-H/P-H cross-coupling
with H, evolution has never been reported. As a part of our
recent research interest in the field of electrochemical
oxidative R'-H/R*>-H cross-coupling with H, evolution,!* we
herein report a novel electrochemical oxidative N-H/P-H
cross-coupling reaction under transition metal catalyst-free
conditions for the first time. By using electricity as the
primary energy input and KI as the mediator, oxidation side
reactions were avoided and a series of important tertiary

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Important surrogates of P" groups. (A) P! ligands; (B) P"" chelation-assisted C—H functionalization.

phosphines(ur) were mild reaction

conditions.

synthesized under

Results and discussion

The introduction of a P‘Bu, group into the N-1 position of
indoles has been proved to be significant since the generated
tertiary phosphine products are versatile intermediates for
obtaining various indoles. To access this class of important
tertiary phosphines, the cross-coupling reaction of indole 1
with di-tert-butylphosphine 2 was initially studied to evaluate
the reaction conditions (Table 1). After a series of screening of
reaction partners, we delightfully found that when the reaction
was conducted with the use of 20 mol% KI in MeCN under a 10
mA constant current for 4 h, the electrolysis worked smoothly
in an undivided cell, providing the desired N-P coupled
product 3 in 95% yield (Table 1, entry 1). It is worth noting that
when the reaction was finished, H, could also be detected (see
the ESI} for details). Further investigation showed that the use

© 2022 The Author(s). Published by the Royal Society of Chemistry

of electricity as the primary energy input was a key to the
success of this reaction (Table 1, entry 2). KI was also impor-
tant for generating N-P coupled product 3 in excellent yield.
Using Nal, Lil, "Bu,NCl, "Bu,NBr or "Bu,NI resulted in the
corresponding N-H/P-H cross-coupling products in moderate
to high yield (Table 1, entries 3-7); whereas when "Bu,NBF,,
KF, KCl, or KBr was employed in the reaction, the desired N-P
coupled product 3 was obtained in 0-31% yield (Table 1,
entries 8-11). The amount of KI was next explored. However,
either increasing the amount of KI to 50 mol% or decreasing
the amount of KI to 10 mol% furnished the N-P coupled
product 3 in slightly decreased yield (Table 1, entries 12 and
13). Increasing the operating current to 15 mA nearly did not
alter the reaction efficiency (Table 1, entry 14); whereas when
the reaction was conducted with a 5 mA constant current,
a slight loss in yield was observed (Table 1, entry 15). For the
reaction, the combination of a graphite plate anode and
a platinum plate cathode was found to be optimal. Either
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Table 1 Optimization of the reaction conditions®

™

Kl (20 mol%), CH3CN
35°C, 10 mA, 4 h, N,

N\ . ,
H HP'Bu,
undivided cell

1 2 3

a2

‘P'Buz

+ H2+

Entry Variation from the standard conditions Yield” (%)
1 None 95
2 No electric current 0
3¢ Nal instead of KI 79
4¢ Lil instead of KI 65
5 "Bu,NCl instead of KI 35
6 "BuyNBr instead of KI 66
7 "Bu,NI instead of KI 59
8 "Bu,NBF, instead of KI 0
9° KF instead of KI 0
10° KCl instead of KI 23
11° KBr instead of KI 31
12 50 mol% KI instead of 20 mol% KI 80
13 10 mol% KI instead of 20 mol% KI 79
14 15 mA, 2.7 h instead of 10 mA, 4 h 90
15 5 mA, 8 h instead of 10 mA, 4 h 79
16 Stainless steel plate instead of platinum plate 75
17 Platinum plate instead of graphite plate 84

“ Reaction conditions: graphite plate (15 mm X 15 mm X 1.0 mm) as the
anode, platinum plate (20 mm x 15 mm x 0.3 mm) as the cathode,
undivided cell, 1 (0.5 mmol), 2 (0.5 mmol), KI (20 mol%), MeCN (10.0
mL), Ny, 35 °C, 4 h. ? Isolated yields. ° 0.1 mmol of "Bu,NBF, was
added to promote the electron transfer in solution.

using a stainless steel plate cathode or a platinum plate anode
furnished the corresponding N-H/P-H cross-coupling prod-
ucts in decreased yield (Table 1, entries 16 and 17).

After establishing the optimal reaction conditions, we set out
to examine the generality of this electrochemical method (Table
2). Delightfully, the electrochemical oxidative cross-coupling
reactions worked well with a wide range of indole derivatives.
The reaction with 3-methylindole or 3-indoleacetonitrile gave
the desired N-P bond formation products in 98% and 94% yield
(Table 2, 5 and 6), respectively. Tryptophol, 1-(2-(1H-indol-3-yl)
ethyl)piperidin-2-one, and 3-acetylindole were converted into
the corresponding cross-coupling products in 84-86% yields
(Table 2, 7-9). In comparison, the C-3 substituted indoles
bearing acetyloxy, acetylamino, acyl, alkenyl and phenylthio
resulted in the desired products in moderate to good yields
(Table 2, 10-14). The C-4, C-5, and C-6 substituted indoles were
all compatible with the current electrochemical conditions.
Both electron-withdrawing substituents and electron-donating
groups at the C-4, C-5, or C-6 position of the indole ring did not
interfere with the reaction efficiency, yielding the correspond-
ing N-H/P-H cross-coupling products in excellent yields (Table
2, 15-25). Note that synthetically valuable halogen atoms such
as F, Cl, and Br were compatible with the electrochemical
conditions to give the corresponding N-H/P-H cross-coupling
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products in 92-95% yields (Table 2, 16-18, 20, 23). The C-7
substituted indoles, which probably because of steric hindrance
were less reactive than C-3, C-4, C-5, and C-6 substituted
indoles, gave the desired N-H/P-H cross-coupling products in
65-80% yields (Table 2, 26 and 27). Disubstituted indoles were
also suitable cross-coupling partners, providing the corre-
sponding N-P bond formation products in moderate to excel-
lent yields (Table 2, 28-31). Besides substituted indoles, 4-
azaindole and 7H-pyrrolo[2,3-d]pyrimidine were also compat-
ible with the standard reaction conditions, producing the N-H/
P-H cross-coupling products 32 and 33 in 75% and 41% yield,
respectively. Notably, in addition to di-ter¢t-butylphosphine,
diphenylphosphine was also a good reaction partner to react
with various indoles, generating the desired N-P coupled
products 34-39 in moderate yields.

To demonstrate the practicality of this electrochemical N-H/
P-H cross-coupling method, the gram scale reaction of indole 1
with di-ter¢t-butylphosphine 2 on a 5.0 mmol scale was con-
ducted (Scheme 2). To our delight, when the reaction was per-
formed with a controlled current of 20 mA for 20 h, 1.08 g cross-
coupling product 3 could be obtained.

For comparative purpose, the N-H/P-H cross-coupling
reaction between indole 1 and di-tert-butylphosphine 2 was
performed with chemical oxidants in the absence of electrical
input (Table 3). However, none of the chemical oxidants (DDQ,
m-CPBA, CAN, K,S,0g5, TBHP, DTBP, I,, and NIS) we examined
could furnish the desired N-H/P-H cross-coupling product 3
(Table 3, entries 2-9).

To better understand the mechanism of this electrochemical
N-H/P-H cross-coupling reaction, cyclic voltammetry (CV)
experiments on KI, indole 1 and di-tert-butylphosphine 2 were
performed (Fig. S1,T see the ESI for details). The oxidation peaks
of KI were observed at 0.70 V and 0.90 V, respectively; whereas
the oxidation peaks of indole 1 and di-tert-butylphosphine 2
were both greater than 0.90 V, suggesting that the iodide ion
and even the iodine radical are more easily oxidized than both
indole 1 and di-tert-butylphosphine 2.

Electron paramagnetic resonance (EPR) experiments were
also carried out to investigate the details of this electrochemical
N-H/P-H cross-coupling reaction (Fig. 1). Electrolyzing indole 1
under standard conditions for 15 min, a mixed signal of the 3,4-
dihydro-2,2-dimethyl-2H-pyrrole 1-oxide (DMPO) trapping
nitrogen radical (Ax = 13.8, Ay = 17.8, and Ay = 3.0) and
oxidized DMPO (Ay = 14.1) was identified (Fig. 1A). Electro-
lyzing di-tert-butylphosphine 2 under standard conditions for
30 min, a mixed signal of the DMPO trapping phosphorus
radical (Ax = 15.4, Ay = 20.6, and Ap = 25.7) and DMPO trap-
ping tert-butyl radical (Ax = 14.6, Ay = 20.7) was identified
(Fig. 1C). The adduct of the phosphorus radical to DMPO was
also detected by high resolution mass spectrometry (see the
ESIT for details). By contrast, a relatively weak radical signal was
observed under the conditions of absence of KI (Fig. 1D),
whereas when indole 1 was electrolyzed in the absence of KI, no
radical signal was observed (Fig. 1B). These results indicated
that KI not only played the role of the electrolyte, but also acted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of the electrochemical oxidative N-H/P—H cross-coupling reaction®

™1

R R!
N + Hepr, KL(20mol%), CHON g2 S\ . R
Rz{I\g 2 35°C,10mA, 4 h,N, (AN 2 4
N
H undivided cell PR,
20r4 5-39
OH Q
(o]
CN °
A\ A\ A\ A\ A\
N N N N N
\ \ \ \ \
PBu, PBu, P'Bu, PBu, PBu,
5,98% 6, 94% 7, 84% 8, 86% 9, 85%

o’(
OAc
Re PR O
S
Nl\;
\ \ O \ \ \
N N N N )/ N
\ \ \ \ \
PBu, PBu, PBu, PBu, P'Bu,
10, 68% 11, 72% 12, 54% 13, 62% 14, 69%
OMe F cl Br CN
N N N N N
\ \ \ \ \
PBu, P'Bu, PBu, PBu, PBu,
15, 99% 16, 92% 17, 90% 18, 94% 19, 90%

Br. MeO.
N N N N N
\ \ \ F \ //

\
PBu, PBu, PBu, PBu, PBu,
HO'
20, 95% 21, 98% 22, 98% 23, 96% 24, 90%
Br.
A\ A\ A\ A\
0 N N N N N
| b b b bt Yt
PBu PBu, CN PBu, P'Bu, PBu,
25, 83% 26, 65% 27, 80% 28, 90% 29, 89%
=
N
ooy Oy U oo
b ) i 7N NN N
PBu, PBu, PBu, PBu, PPh,
30, 65%” 31,90% 32,75% 33, 84%° 34, 50%
CN
cl
i PPN N N ~° N
PPh, PPh, PPh, PPh, o PPh,
35, 46% 36,51% 37, 49% 38, 46% 39, 45%

¢ Reaction conditions: graphite plate (15 mm x 15 mm x 1.0 mm) as the anode, platinum plate (20 mm x 15 mm x 0.3 mm) as the cathode,
undivided cell, N-H compounds (0.5 mmol), 2 or 4 (0.5 mmol), KI (20 mol%), MeCN (10.0 mL), N,, 35 °C, 4 h, isolated yields. ” Yields were

determined by *'P NMR using P(OEt); as an internal standard.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A —— Simulation
._n ~——Indole + KI
c Pt i & sl
N KI (20 mol%), CH;CN \ Xy Xy
+ HPBu, oo N + H +
H 35°C, 20 mA, 20 h, N, \,
undivided cell PBu,
1,50 mmol 2, 5.0 mmol 3, 83% (1.08 g) ﬁw‘ﬂ
Scheme 2 Gram-scale synthesis.

as a mediator to access the phosphorus radical and nitrogen 3460 3480 3500 3520 3840
radical. Field ()
Control experiments were performed to clarify whether di-
. . . . . —— Indol
tert-butyliodophosphine 40 is the key intermediate for 5 naee

generating the N-P coupled product (Scheme 3). Replacing di-
tert-butylphosphine 2 with di-tert-butyliodophosphine 40
produces the desired N-H/P-H cross-coupling product 3 in
72% yield; whereas when the reaction was conducted in the
absence of electrical input or KI, no or only 13% yield of N-P
coupled product 3 was formed. These results indicated that
di-tert-butyliodophosphine 40 might be a key reaction inter-

mediate for generating product 3 and both electric current
and KI are important for oxidizing indole 1 to nitrogen T T T " "
. 3400 3450 3500 3550 3600
radical. Field (G)
Based on the experiments described above and previous
reports,*>** a plausible reaction mechanism between indole 1

and di-tert-butylphosphine 2 is presented in Scheme 4. The

. O

Cc — Simulation
—— 'Bu,PH+KI

anodic oxidation of the iodide ion leads to the formation of the '
iodine radical. The iodine radical reacts with di-tert-butyl- BSaintas
phosphine 2 to furnish the phosphorus radical and then to

access di-tert-butyliodophosphine 40. At the same time, indole

1 reacts with in situ generated I' to form an unstable N-iodo

Table 3 Comparison with traditional methods

T

T
3450 3500 3550

Field (G)
@f\> + HPBu —_— >
H 2 N‘ptB D —— Simulation
uy —— 'Bu,PH
°
1 2 3 ;érm, BV N

Entry Conditions Yield (%) (
1 Standard conditions 95 WWJ rv_”v
2 No electric current, KI (20 mol%), CH;CN, 35 °C, DDQ 0 (1

(1.0 equiv.), 4 h, N, recovered)
3 No electric current, KI (20 mol%), CH;CN, 35 °C, m- 0 (1

CPBA (1.0 equiv.), 4 h, N, recovered)
4 No electric current, KI (20 mol%), CH;CN, 35 °C, CAN 0 (1 T T T

. 3450 3500 3550

(1.0 equiv.), 4 h, N, recovered) Field (G)
5 No electric current, KI (20 mol%), CH;CN, 35 °C, 0

K5S,0g (1.0 equiv.), 4 h, N, recovered)  Fig. 1 Electron paramagnetic resonance (EPR) spectra.
6 No electric current, KI (20 mol%), CH;CN, 35 °C, 01

TBHP (1.0 equiv.), 4 b, N, recovered) i termediate. The homolysis of the unstable N-I bond
7 No electric current, KI (20 mol%), CH;CN, 35 °C, 0 . . . o . .

DTBP (1.0 equiv.), 4 h, N, recovered) provides the nitrogen radical and iodine radical. Finally,
8 No electric current, I (1.0 equiv.), CH;CN, 35 °C, 4 h, 0 (1 radical-radical cross-coupling between the phosphorus

N, recovered)  radical and nitrogen radical gives the desired N-P coupled
9 No electric current, NIS (1.0 equiv.), CH;CN, 35 °C, 4 0 (1 product 3.

h, N, recovered)
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L pigy, K20 moi%) CHCN
TBY2 350C 10mA, 4h, N,
undivided cell

w QO -
H

1 40

QA "BusNBF,, CH;CN N
(B) ©E> + P : + H
H 1-P"Bu, no electric current N‘ . 2 *
35°C, 4h, N, PBu,
1 40 3,nd
c Pt N
A\ "BuyNBF,, CHsCN ©:>
+ _pt d + H
© @ I'PBU2 355 TomA 4 N, N, 24
undivided cell PBu,
1 40 3,13%
Scheme 3 Control experiments.
I
It
- I-PBu, H,

i

| HP'Bu,
;
<- H
. +
1 *P'Bu, 2H

SO0

-H N Hl N
<0
1

Scheme 4 Proposed mechanism.

‘P'Buz

Conclusions

In summary, we have developed a facile and novel electro-
chemical oxidative N-H/P-H cross-coupling reaction for the
synthesis of tertiary phosphines. The reaction was performed in
a simple undivided cell with excellent yields. Good reaction
selectivity was achieved with a 1:1 ratio of amine and phos-
phine. This electrochemical protocol provides a new way for the
synthesis of tertiary phosphines. We anticipate that this work
will stimulate the research interest of chemists in the P radical.
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