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P(v) iminophosphorane compounds are accessed via electrochemical oxidation of commercially available
P(n) phosphines, including mono-, di- and tri-dentate phosphines, as well as chiral phosphines. The
reaction uses inexpensive bis(trimethylsilyl)carbodiimide as an efficient and safe aminating reagent. DFT
calculations, cyclic voltammetry, and NMR studies provide insight into the reaction mechanism. The
proposed mechanism reveals a special case of sequential paired electrolysis. DFT calculations of the
frontier orbitals of an iminophosphorane are compared with those of the analogous phosphines and
phosphine oxides. X-ray crystallographic studies of the ligands as well as a Ni-coordination complex
provide structural insight for these ligands. The utility of these iminophosphoranes as ligands is
demonstrated in nickel-catalyzed cross-electrophile couplings including C(sp?)-C(sp®) and C(sp?)-C(sp?)
couplings, an electrochemically driven C—N cross-coupling, and a photochemical arylative C(sp*)—H
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Introduction

Phosphorus-containing compounds are ubiquitous in catal-
ysis,* particularly as phosphorus(m)-based ligands in transition
metal catalysis.>® However phosphorus(v) compounds are rela-
tively underexplored as ligands or catalysts. Phosphine oxide
(P=0) ligands have been featured in Pd-couplings*” and
asymmetric Cu-catalysed alkylation® of imines and nitroalkenes
(see ESI Fig. S17 for additional details). P(v)-containing struc-
tures have also been used as organocatalysts, including the use
of phosphine oxide-based catalysts for enantioselective aldol
reactions.’ P=S and P=Se based phosphorimide catalysts have
been used to mediate per-silylation of 2’-deoxynucleosides to
access the corresponding glycals.® P=N based structures such
as iminophosphoranes are known but represent an underutil-
ized class of ligands in earth-abundant metal catalysis."* There
are exciting results of utilizing iminophosphoranes as ligands
in catalytic cross-coupling reactions (e.g., Sonogashira,' Suzuki-
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sp2-N-based ligands (e.g. 4,4'-di-tert-butyl-2,2'-bipyridine).

Miyaura,* Kumada,* and Negishi couplings'*) and hydroge-
nations of alkene,” and ketones,' cyclopropanation,'” alkene
oligo- and polymerizations,'® ring opening polymerizations (e.g.
lactide, e-caprolactone),” as well as in organocatalysis,*
amongst others." Scheme 1 illustrates a selection of these
examples. Iminophosphoranes have also been used as organic
neutral super-electron donors in organic synthesis.>*

Despite their appeal in catalysis, access to iminophos-
phoranes remains limited, in stark contrast to the hundreds
of commercially available P(m) ligands. The relative scarcity of
applications of iminophosphoranes can be attributed to diffi-
culty in their synthesis (e.g. hazardous reagents), limited
access to commercially available precursors, and limited
reaction scope. Scheme 1E illustrates a variety of commonly
used synthetic approaches to iminophosphoranes. For
example, synthesis through Staudinger reaction®” involves the
use of azides which are potentially explosive, and requires one
or more steps to access the requisite azide. Other approaches
to iminophosphoranes include the Kirsanov reaction® starting
from hazardous PCl;, and the modified Kirsanov reaction,***
which relies on a two-step bromination-amination process of
a phosphine. Other approaches exist with limited scope, such
aminations facilitated by diethylazodicarboxylate,® which is
also a hazardous and shock-sensitive reagent.”® More recent
approaches to iminophosphoranes have included the photo-
lytic generation of nitrenes from bespoke dibenzothiophene N-
substituted sulfilimine or dioxazolones reagents.”” More
recently, the use of N-pivaloyloxybenzamide and iron catalysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A. Kumada Coupling Catalyzed by an Amido Pincer Complex (Wang, 2007)
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C. Cyclopropanation of Alkenes Catalyzed by Rh & an Iminophosphorane (Kim, 2007)
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D. Rhodium-Catalyzed Asymmetric Alkene Hydrogenation (Kim, 2005)
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B. Initiators fo Stereoselective Lactide Polymerization (Williams & Auffrant, 2012)
(also see works by Diaconescu, Cui, Guillaume & Roesky)
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Scheme 1

was reported access N-acyl iminophosphoranes.”® Morandi
reported a related approach using hydroxylamine-derived
triflic acid salt to access iminophosphorane triflic acid
salts.* Ultimately, safe and scalable methods with broad scope
are in high demand. To address these limitations,
wondered whether electrochemistry®* could be used to convert

commercially available P(ur) ligands to P(v) iminophosphorane

we

[ A. Electrosynthesis of Iminophosphorane From Phosphines (This Work)J
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L B. Ligand Scaffold Hopping: From Classic to New Ligand Design

spz—N—based ligands for base-metal catalysis
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Scheme 2 (A) Electrosynthesis of iminophosphoranes from phos-

phines. (B) Ligand scaffold hopping.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Modified Kirsanov Reaction

(A—D) Applications of iminophosphoranes as ligands in catalysis. (E) Synthetic approaches to iminophosphoranes.

sp’>-N-ligands (Scheme 2A) via an environmentally sustainable
and operationally simple and safe process. The potential to
access novel iminophosphorane-containing P=N ligands
from readily available phosphines would quickly expand the
diversity of bi- and tridentate ligands in analogy to the classic
sp’-nitrogen-based bipyridine and terpyridine ligands
(Scheme 2B), which are gaining popularity in base-metal
catalysis. Herein, we report an electrochemical method to
access iminophosphoranes on gram scale (in batch and flow),
mechanistic studies of this new transformation, and applica-
tions of these new iminophosphoranes as ligands in nickel
catalysis under thermal, electrochemical, and photochemical
conditions.

Results and discussion
Reaction optimization

Inspired by the success of the N-cyano imine ligands (i.e. pyri-
dine-2,6-bis(N-cyanocarboxamidine), PyBCam®") reported by
Weix and Hansen for nickel-catalyzed -cross-electrophile
couplings (Scheme 2B),** we chose to focus on N-cyano imino-
phosphoranes (Scheme 2A) for our initial explorations. Specif-
ically, we targeted iminophosphorane 1a (Scheme 3) for the
reaction development as it is air-stable and has a UV-vis chro-
mophore, thus enabling analysis of reaction mixture via UPLC.

Given that the modified Kirsanov reaction uses Br, to oxidize
PPh; to Ph;PBr, followed by amination to access iminophos-
phoranes,™ we explored using bromide-containing electrolytes
to effect an anodic generation of Br, to mediate the oxidation of
Ph;P (2a) in the presence of cyanamide (3) (Scheme 3A). The use
of Et,NBr as an electrolyte enabled oxidation of PPh; in4: 1 (v/v)
MeCN/MeOH provided 15% yield of 1a when using a graphite
anode, a stainless-steel cathode along with guanidine 4 in 12%

Chem. Sci., 2024, 15, 5980-5992 | 5981
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A. Electrosynthesis of Iminophosphorane using Cyanamide 3
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B. Electrosynthesis of Iminophosphorane using Carbodiimide 5

N(TMS) -CN
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Scheme 3 (A) Initial attempts at synthesizing iminophosphorane 1la
using cyanamide. (B) Heat map of assay yields obtained using HTe"Chem
to screen electrolytes and electrode for the synthesis of iminophos-
phorane la using bis(trimethylsilyl)carbodiimide. Conditions: 30 pumol
scale (0.1 M) using constant current (1 mA) using 2 F mol™ charge at
room temperature (Note: C = graphite, SS = stainless steel).

Fig. 1 X-ray crystallographic structure of side-product 4 (CCDC
2259467). ORTEP ellipsoid plotted at 50% probability.

yield. The structure of 4 was confirmed by X-ray crystallography
(Fig. 1).

We explored an alternative aminating reagent towards
improving the selectivity for iminophosphorane 1a over guani-
dine 4. We wondered whether bis(trimethylsilyl)carbodiimide
(5) could provide a more soluble surrogate of cyanamide
towards improving the outcome of the reaction. Indeed, the use
of 5 under otherwise identical conditions provided imino-
phosphorane 1a in 70% yield and no detectable guanidine 4.
We explored these conditions with a handful of other phos-
phines but soon realized that the solubility of the phosphine
starting material was poor in a number of examples (e.g
xanthphos).

Thus, we replaced MeCN with NMP as a cosolvent to achieve
improved solubility, however the yield for 1a dropped to 43%.
Given the multivariate nature of this optimization problem, we
turned to high-throughput experimentation to address this

5982 | Chem. Sci., 2024, 15, 5980-5992
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challenge. Using the recently reported® and commercialized®
HTe Chem reactor, we explored both electrolyte and electrode
variables using 4:1 (v/v) NMP/MeOH as the solvent system
(Scheme 3B). The use of Me,NOAc as the electrolyte in combi-
nation with platinum cathode and graphite anode provided the
highest yield of iminophosphorane 1a. The Ph;P=0 (6) side
product was postulated to arise from adventitious water or
oxygen in the reaction mixture reacting competitively against
the aminating reagent.**

Based on reaction optimization using the HTe Chem
reactor, the optimal conditions were translated from 30 pmol
scale to the Electrasyn 2.0 setup on 2 mmol scale using a current
of 10 mA (j = 4.2 cm®> mA™ ") and a charge of 2.5 F mol . The
choice of NMP and Me,NOAc also facilitated reaction workup,
as the reaction could be poured into water to precipitate out the
desired product in many cases while leaving the electrolyte in
solution. Collection of the crude product via filtration followed
by recrystallization or column chromatography afforded the
desired products in high purity with a variety of substrates (see
ESIT for details).

Substrate scope

With optimal reaction conditions in hand, we turned our
attention to exploring the substrate scope of our electro-
chemical synthesis of iminophosphoranes (Table 1). We tar-
geted a diverse substrate scope, drawing inspiration from
commercially available phosphine ligands commonly used in
transition-metal catalysis (e.g., cross-couplings). Amination of
triphenylphosphine on 2 mmol scale provide 1a in 83% yield.
Electronically varied triarylphosphines are well tolerated as
demonstrated with para-substituted analogues of triphenyl-
phosphine: p-OMe (7) 74% yield, p-F (8) 92% yield, p-C1 (9) 73%
yield, and p-CF; (10) 83% yield. Styrenyl containing product 11
is obtained in 79% yield, which could have application as
a precursor to iminophosphorane-functionalized polystyrene
materials (e.g. polystyrene resin-bound ligand/catalyst for
heterogenous catalysis).** Ortho-substitution is well tolerated
as demonstrated by being able to access product 12 in 86%
yield. Even tertiary amines functionalized phosphine can be
carried through the reaction, albeit in diminished yield, as
exemplified with an analogue of Ph,-APhos to access 13 in 39%
yield.

Arylalkylphosphines are also suitable substrates, as imino-
phosphorane 14 is accessed in 56% yield from diphenylcyclo-
hexylphosphine. Conversion of dicyclohexylphenylphosphine
to 15 is achieved in high yield (82%). The conversion of
CyJohnPhos to 16 in 75% yield demonstrates that an ortho-aryl
substituent on the phenyl ring is tolerated with these dia-
Ikylmonoarylphoshine substrates. Acetals can be carried
through this transformation as showcased with the function-
alization of the ™°CgPPh ligand to product 17 in 89% yield.
Trialkylphosphines are also suitable as demonstrated by the use
of tribenzylphosphine to access 18, although a diminished yield
was observed.

Heterocycles can also be brought through this trans-
formation to access iminophosphorane products, potentially

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction scope for the electrosynthesis of iminophosphorane using an IKA ElectraSyn 2.0¢

P(1ll) phosphine P(V) iminophosphorane
2
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(S,S)-DACH 1,1,1-Tris(diphenyl Bis(2-diphenylphosphino DPPE- DPPE Xantphos cyanoguanidine
phosphinomethyl)ethane ethyl) phenylphosphine monooxide instead of 5

“ Standard condition: 2.0 mmol of phosphine (0.13 M) in 4:1 v/v NMP/MeOH containing 5 (6.0 mmol of per phosphorus) and 1.5 mmol of
Me,4NOAc; constant current electrolysis (10 mA, j = 4.2 mA cm’Z) and a charge of 2.5 F mol ' per phosphorus using a graphite anode and

a platinum foil cathode. ?

conditions, except 6.0 mmol of 5 was used and the charge was 2.5 F mol "

cyanoguanidine was used instead of 5.

1 mmol of phosphlne (0.07 M) using 14:1 v/v NMP/MeOH containing 1.5 mmol of Me,NOAc. © Same as standard

4 Same as standard conditions, except 6.0 mmol of N-

providing bidentate functionality, as demonstrated with prod-
ucts (19-23). The incorporation of pyridyl fragments is exem-
plified with both triaryl and diarylphosphines with products 19
(86% yield), 20 (87% yield), 21 (83% yield), 22 (65%), and 23
(85% yield), while access to a pyrazole-containing ligand is
demonstrated with product 24 (81% yield). Chiral phosphine
ligands, such as those based on phosphinooxazolines (PHOX)

© 2024 The Author(s). Published by the Royal Society of Chemistry

substructures, can be transformed to their corresponding imi-
nophosphoranes. This was exemplified with products 25-27
that were obtained in yields ranging from 55-70%, without
evidence of ee erosion.

The bidendate phosphines DPPE, DPEPhos, and Xantphos
provide 28-30 in 87%, 63%, and 79% yield, respectively. 2,6-
Bis(diphenylphosphino)pyridine is used to make 31 in 68%

Chem. Sci., 2024, 15, 5980-5992 | 5983
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yield, providing a tridentate ligand® based on three sp*nitro-
gens. The privileged chiral ligand®” BINAP is converted to its
iminophosphorane analog 32 in 62% yield. Similarly, popular
BIPHEP and SEGPHOS ligand scaffolds are used to access 33
and 34 in 68% and 43% yields, respectively. The bis-amide
containing Trost ligand® (S,S)-DACH could be converted to
the corresponding bis-iminophosphorane 35 in 76% yield.

Tripodal ligands are useful in coordination chemistry and
catalysis. We explored the use of commercially available tri-
dentate “triphos”* ligands which enabled access to tris(imi-
nophosphorane) ligands 36 and 37 in 44% and 74% yield,
respectively. These ligands are envisioned to be useful for
tripodal complex formation, a strategy that is often used with
first-row transition metals.*’

Access to hetero-bis-phosphine derivatives was explored as
illustrated with products 38-40. Two strategies were utilized
depending on the target: (1) starting from bis-phosphine mono-
oxides, or (2) passing slightly more charge (i.e. 2.5 F mol ') than
the theoretical minimum charge of 2 F mol ™" to oxidize one of
the two phosphines. Mixed P=0,P=N ligand 38 was accessed
starting from the commercially available DPPE-mono-oxide (i.e.
P(ur)-P(v) monoxide). In contrast, mixed P(u)-P(v) DPPE struc-
tures 39 and 40 were obtained by passing only 2.5 F mol™* of
charge under otherwise identical conditions to those employed
in Table 1. Selectivity between mono- and bis-oxidation prod-
ucts is challenging and is the cause of the lower yields for
substrates 39 and 40. For example, bis oxidation to 28 is
observed in ca. 40% yield after 2.5 F mol ! when synthesizing
39. The ESIt contains additional substrates that were attempted
but provide low yield or no product. Limitations include the use
of electron-rich phosphines like trialkylphosphites, triphenyl-
phosphites, although trialkylphosphines are suitable (see the
ESIY for details).

Finally, returning to the side-product 4 that was obtained
during the reaction optimization work, we wondered whether
inexpensive N-cyanoguanidine, commonly used as a fertilizer,**
could be utilized in our reaction as the aminating reagent.
Gratifyingly, the formation of iminophosphorane 4 containing
cyanoguanidine was achieved in 49% yield.

The iminophosphoranes in Table 1 were isolated by either
precipitation from the crude reaction mixture using water as an
anti-solvent or via an aqueous workup, and in numerous cases
a subsequent purification step via silica gel column chroma-
tography, all in the presence of air. This highlights their air
stability and resistance to hydrolysis. This is in contrast to N-
alkyl substituted iminophosphoranes, which can be susceptible
to decomposition to the corresponding phosphine oxide (e.g.
Staudinger ligation).*

Reaction mechanism

In order to gain mechanistic insight into the reaction, we con-
ducted DFT calculations and followed up with a series of
experiments based on NMR spectroscopy (‘H, *C, *'P) and
cyclic voltammetry. Five potential mechanisms were initially
considered (See ESIT Scheme S2 along with associated discus-
sion). Based on the data from these studies, a proposed

5984 | Chem. Sci, 2024, 15, 5980-5992
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mechanism is illustrated in Scheme 4. Reduction of methanol
at the cathode generates hydrogen and methoxide. The meth-
oxide attacks diimide 5, which upon loss of TMS-OMe (41)
generates anion 42. Oxidization of 42 leads to N-centered
radical 43. Subsequent attack of phosphine (2) generates 44 (ref.
42) which is immediately oxidized to 45. Generation of a second
equivalent of methoxide, analogous to above, enables break-
down of 45 to generate the desired iminophosphorane product
46 and a second equivalent of TMS-OMe (41). To the best of our
knowledge this represents a rare example of a domino elec-
trolysis reaction,**** which could be categorized as a sequential
paired electrolysis followed by a paired
electrolysis.?***

convergent

Ligand properties

To gain insight into electronic effects of modifying P(m) ligands
into their analogous P(v) structures (various iminophosphor-
anes and phosphine oxide), we computed their frontier molec-
ular orbitals using M06-2X/6-31+G(d) SMD = MeCN. Fig. 2
illustrates the HOMO and LUMO orbitals for Ph;P (2a), Phs;P=
N-CN (1a), Ph,P=N-Ph (47), Ph;P=N-Me (48), Ph,P=N-H
(49), and Ph;P=0 (6). The HOMO energy decreases mono-
tonically across the following series: —7.05 eV (Ph;P=N-Ph),
—7.31 eV (Ph3P), —7.34 eV (Ph;P=N-Me), —7.73 eV (Ph3P=
N-H), —8.13 eV (Ph3P=N-CN), —8.48 eV (Ph;P=0); all values
are versus vacuum. Across the series of iminophosphoranes in
Fig. 2, N-cyano iminophosphorane 1a has the lowest lying
HOMO and thus should be the most oxidatively resistant from
the series and is in consistent the observation that it is air-
stable. The DFT calculations show the HOMO is destabilized
in the N-cyano iminophosphoranes compared to the analogous
phosphine oxide, suggesting stronger c-donor ability, yet still
weaker than the analogous P(i) ligand. The LUMO energies do

) (TMS)N=C=N(TMS) ™
o 5
N
NCT T TMS ws
42 “
- +e
ne N Tms
A “ domino electrolysis <
N Rs\E/Rw (paired electrolysis) T
g 2 R3 $2R1 g
E R? “p” D
RYLR! N E
',q~ NC
NC™ T TMS 46
4
e , -TMS +e-
RN R 41
P®
ne s
J a5 J
Overall Balanced Reaction
RZ
R? N(TMS) rRITRI
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5 46 M

Scheme 4 Proposed mechanism of domino-electrolysis.
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Fig.2 DFT computed lowest unoccupied molecular orbital (LUMO), (top) and highest occupied molecular orbital (HOMO) (bottom) for various
P(i) and P(v) ligands using M06-2X/6-31+G(d) SMD = MeCN (note: orbitals are plotted using isolvalue = 0.075 a.u.) along with P =X (X=0O or N)
bond lengths. Tolman electronic parameters obtained from DFT calculations using MPW1PW91 functional and the following basis sets: 6-

311+G(2d) for Ni and 6-311+G(d,p) for all other atoms.

not decrease monotonically when considering the ligands in the
same order as above, specifically the LUMO energy varies as
follows: —0.01 eV (PhzP), —0.34 eV (Ph;P=N-Ph), —0.01 eV
(Ph;P), —0.31 eV (PhyP=N-Me), —0.31 eV (Ph;P=N-H),
—0.58 eV (Ph3P=N-CN), and —0.15 eV (Ph;P=0). Overall, these
changes highlight that formal oxidation of the P(m) ligands to
P(v) results not only in significant electronic changes, but also
that these changes may be different depending on which group
is attached to the P(v) centre (O for a phosphine oxide or various
N-R groups for the various iminophosphoranes). Experimental
study of the reduction potential across a subset of the imino-
phosphoranes using cyclic voltammetry reveals that these
ligands are redox active (Fig. 3). Reversible reduction is
observed for N-cyano iminophosphoranes, such as pyridyl
containing ligand 19 (Ejeq = —2.45 V vs. Fe/Fe') and bipyridyl
based ligands 21 (E..q = —2.34 V vs. Fc/Fc*), but not triphenyl-
phosphine based N-phenyl iminophosphorane 47 (Epi/ared =
—2.97 Vvs. Fe/Fc'), nor N-cyano iminophosphorane 1a (Epi/2 red
= —2.79 V vs. F¢/Fc'). Bis-iminophosphorane functionalized
pyridine ligands 31 exhibits two sequential reduction events:
(Ep1/zrea = —2.06 V and —2.22 V vs. Fc/Fc'), each is quasi-
reversible. The redox active nature of these ligands may be
beneficial for catalytic applications where reduction events are
taking place (e.g. metal catalysed reductive cross-couplings).

© 2024 The Author(s). Published by the Royal Society of Chemistry

We also calculated the Tolman electronic parameter (TEP) to
characterize the electronic properties of these ligands
(Fig. 2).***® The TEP for a ligand L, which is defined as the IR
frequency associated with the A; stretch of the CO groups of the
Ni(CO);L complex, correlates with the electron-donating ability
of the ligand. The computed TEP value of Ph;P=N-CN (1a) for

400

= A7
= 1a
= 19
- 21
- 31

200

Current (pA)

-200

-400

-600
-3.20 -3.00 -2.80 -2.60 -2.40 -2.20 -2.00 -1.80 -1.60
Potential /vs Fc/Fc*

Fig. 3 Cyclic voltammetry of selected iminophosphoranes illustrating
their redox active properties. Data measured from 10 mM solutions of
analyte in 0.1 M BuysNPFg in MeCN using a glassy carbon working
electrode, a Pt counter electrode, a reference electrode comprised of
aAg wire in 10 mM AgNOgz in 0.1 M BusNPFg in MeCN (v =500 mV s %).
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binding via the nitrogen of the P=N moiety is higher
(2171.5 cm ™) than the TEP values of Ph;P=N-Ph (2158.7 cm ™)
and Ph;P=N-Me (2155.1 cm '), supporting our proposal that
N-cyano iminophosphoranes are more electron-deficient than
N-aryl or N-alkyl iminophosphoranes.

To probe structural aspects of these new iminophosphor-
anes, a number of ligands (13, 24, (R)-25, 28, 29, (S)-33, 38, and
39), were crystallized and characterized by X-ray crystallography
(Fig. 4).* Key structural parameters are summarized in the ESI{
(see Table S11). The bent geometry of the “P=N-CN” fragment
was confirmed with a typical bond angle associated with the
P=N-C fragment being ca. 124°. The iminophosphorane 4, (R)-
25, 28, 29, 38 and 39 have comparable P=N bond lengths to
Ph;P=N-Ph (1.603 A), see ESLt

A more detailed comparison of bond metrics is provided in
the ESI{ including comparison with X-ray crystallographic
structures in the Cambridge Structural Database. The crystal
structure of iminophosphorane (R)-25 and (S)-33 confirmed that
the absolute configuration of the chiral starting materials was
retained in our electrochemical synthesis.

To learn about the coordination geometry N-cyano imino-
phosphoranes, we grew single crystals from ca. 3 : 1 (v/v) MeCN/
MeOH solutions of ligand 21 in the presence of NiBr,-3H,0
using Et,O vapour diffusion. The X-ray crystallographic struc-
ture obtained was nickel complex Ni-1 (Fig. 5) which is a tetra-
nuclear complex, where each Ni has octahedral coordination
geometry (Fig. 5B). Both sp>-N of the 2,2"-bipyridine moiety and
the nitrogen of the P=N fragment of the iminophosphorane
coordinate to Ni. The nitrile nitrogen of the iminophosphorane
coordinates to a neighboring Ni atom in a cyclic tetrameric
arrangement. Additional coordination sites on the Ni are
occupied by bromide and methanol (where the occupancy is
split 75%/25% between these two ligands as shown in Fig. 5).

The fact that either nitrogen of the N-cyano iminoph-
sphorane can participate in coordination to metals is consistent
with previous coordination complexes of Ph;P=N-CN with Pt

View Article Online
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and Pd.* Coordination of Ni to N-aryl iminophosphorane has
also been documented.** The ambidentate nature of N-cyano
iminophsphoranes is characterized by the computed TEP values
shown in Fig. 2 which highlight the nitrogen of the C=N moiety
is more electron donating (TEP = 2161.4 cm ') than the
nitrogen of the P=N moiety (2171.5 cm ™).

Application to catalysis

To demonstrate the utility of the iminophosphorane ligands, we
chose to explore five types of Ni-catalysed cross-coupling reac-
tions which are reshaping how chemists synthesize molecules
in industry (Scheme 5 and 6), specifically, both a thermally and
an electrochemically driven C(sp?)-C(sp®) cross-electrophile
coupling (XEC), a thermally activated C(sp®)-C(sp®) XEC,
a photochemical arylative C-H functionalization, and a site-
selective C-N coupling using electrochemistry.

The groups of Weix,”> Hansen,**”** and Sevov,** Reisman,*
amongst others,*® have each contributed notable advances in
Ni-catalysed XEC beyond the early work by Périchon.®” These
recent reports typically feature the use of two ligand systems
(e.g- a bipyridine and a terpyridine ligand) and their relative
ratio can be critical to the success of the reaction outcome.**”
Recent works by Weix,**? Martin,*® Sigman and Doyle® as well as
others,* have highlighted the importance of ligands that can
stabilize Ni(i) catalytic intermediates. We sought to evaluate the
usefulness of these N-cyano iminophosphoranes in XECs.???

Scheme 5 reports a high throughput experimentation screen
of 12 ligands for a nickel-catalyzed XEC between 4-(4-bromo-
phenyl)morpholine (50) and 3-bromobutanenitrile (51) at 0 °C
using Zn dust at the terminal reductant. The 12 ligands
screened consisted of 4'-di-tert-butyl-2,2'-dipyridyl (dtbbpy) and
11 different N-cyano iminophosphoranes. The top three per-
forming ligands were N-cyano iminophosphorane ligands 35
(derived from (S,S)-DACH), ligand 28 (based on DPPE), and
ligands 37 (based on unsymmetrical triphos), providing assay
yields of 76%, 65%, and 54%, respectively. A 1 mmol scale up of

Fig. 4 X-ray crystallographic structure of iminophosphorane, (top row, left to right): 13 (CCDC 2258974), 24 (CCDC 2258975), (R)-25 (CCDC
2259466), 29 (CCDC 2258980); (bottom row, left to right): 39 (CCDC 2258979), 38 (one of two inequivalent geometries, CCDC 2258978), 28
(CCDC 2258976), and (5)-33 (CCDC 2258977) (Note ORTEP ellipsoid plotted at 50% probability).

5986 | Chem. Sci, 2024, 15, 5980-5992
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Ni-N1: 2.055(4) A
Ni-N2: 2.014(3) A
Ni-N3: 2.179(4) A
Ni-N4: 2.019(3) A
Ni-N5: 2.050(4) A
Ni-N6: 2.024(3) A
Ni-N7: 2.155(3) A
Ni-N8: 2.066(4) A

P=N3: 1.621(3) A
P=N7: 1.621(3) A
N3-CN: 1.320(5) A
C=N4: 1.154(5) A
N7-CN: 1.316(6) A
C=N8: 1.148(6) A

Fig.5 X-ray crystallographic structure of nickel complex Ni-1 (CCDC-2329725). (A) A subunit of Ni-1 illustrating that both Ni bound to both sp?-
N of bipyridine and the N of the P=N unit of ligand 21 (minor part with methanol coordinating to the nickel center shown). (B) The tetranuclear
arrangement of Ni-1 (minor methanol motif omitted and major bromine part shown). Hydrogen atoms, non-coordinative counter ions, solvent,
and minor parts (by occupancy) omitted for clarity. Thermal ellipsoids given at the 50% probability level. Color code: grey (carbon), red (oxygen),

blue (nitrogen), green (nickel), orange (phosphorus), brown (bromine).
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Scheme 5 HTE screen (10 pmol scale based on 50) of sp?-N-based
ligands in a thermal C(sp®)—C(sp®) XEC coupling. The number in the
coloured box above each ligand is the assay yield for 52.

this XEC reaction using ligands 33 provided an assay yield of
88% yield.

Scheme 6A reports our results in exploring an electrochem-
ically-driven C(sp?)-C(sp®) cross-electrophile coupling of ethyl
4-bromobenzoate (52) and 3-bromobutanenitrile (51) to access
53. The yield of desired XEC product 53 is tabulated in Scheme

© 2024 The Author(s). Published by the Royal Society of Chemistry

6A along with key hydrodehalogenation impurity 54 and
homocoupling side-product 55. We chose to focus our initial
explorations using polydentate iminophosphorane ligands as
described by our inspiration illustrated in Scheme 2 and the
success of polydentate sp>-N-based ligands like 4,4'-di-tert-
butyl-2,2'-dipyridyl (dtbbpy) or 4”-tri-tert-butyl-2,2':6',2"-terpyr-
idine (ttbtpy) in Ni-catalysis. After testing a selection of poly-
dentate iminophosphorane ligands (28, 31, 35, 37), we were
delighted to obtain a high yield of product 53 with imino-
phosphorane ligands 31 and 37. The best-performing ligand
was 37 providing 90% yield of XEC product 53 with, while
minimizing impurities 54 and 55 to 3% and 6%, respectively. In
comparison, the use of dtbbpy or ttbtpy on their own provided
lower yields of 73% and 30% respectively.

Noteworthy, the use of the P(ur) ligand DPPE provided only
3% yield of the XEC product 53 and the reaction mixture con-
tained no evidence of DPPE at the end of the reaction, but
instead the bis-oxide analog of DPPE was observed. Control
experiments using the mono-oxide of DPPE (DPPEO) (or other
bis-oxide ligands, see ESI{ for details) as the ligand in the cross-
electrophile coupling of 51 and 52 did not provide meaningful
amounts of product 53. Specifically, 53 was obtained in 13%
using DPPEO. This highlights why the P(v) iminophosphorane
ligands are more suitable as they are less prone to oxidative
decomposition pathways, unlike air/moisture-sensitive P()
ligands, while also providing good catalytic activity unlike
phosphine oxides.

sp>-sp” XECs are also of interest as an alternative to Suzuki
cross-couplings, bypassing the need for boronic acids which
can be prone to protodeboronation.®® Weix has reported a dual
catalytic system using nickel and palladium-catalysis to cross-
couple aryl bromides with aryl triflates to access biaryls using
Zn dust as the reductant.*® Employing this strategy, we
successfully demonstrate that ligand 21 can enable the sp®-sp”
cross coupling of aryl bromide 50 with aryl triflate 56 to access
product 57 in 64% yield (Scheme 6B).

Chem. Sci., 2024, 15, 5980-5992 | 5987
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Scheme 6 Application of iminophosphoranes in a nickel-catalyzed reactions: (A) C(sp)—-C(sp~) cross-electrophile coupling via electrochem-

istry, (B) C(sp?)-C
functionalization using HAT photocatalysis.

To gain insight into the viability of using iminophosphorane
ligands in high energy photochemical conditions (365 nm) with
open shell species generated via hydrogen atom transfer (HAT)
catalysis, we explored the use of MacMillan's metal-
laphotoredox method® for direct arylation of C(sp®)-H bonds
(Scheme 6C). Gratifyingly, irradiation of mixtures containing 2-
trifluoromethyl-5-bromopyridine (58) and cyclohexane (59) in
the presence of tetrakis(tetrabutylammonium)decatungstate
((n-BuyN)4[W1003,], TTBADT), Ni(COD)(DQ)** and iminophos-
phorane 31 with 365 nm provided the desired product 60 in
useful yields.

Electrochemical Ni-catalyzed C-N cross couplings can offer
milder conditions over their thermal counterpart (e.g. 20 °C
instead of >110 °C).** We explored the application of several
iminophosphorane ligands (see ESIt for details) in the context
of coupling aryl halide 61 with pyrrolidine (62) to access 63
(Scheme 6D) using electrochemical Ni-catalyzed conditions
similar to those developed by Baran and coworkers.*® Gratify-
ingly, we obtained site selective coupling (Br over the activated
Cl) to product 63 in 62% yield (and less than 5% yield of the
product associated with C-N coupling at the 2-chloro position
was observed). Interestingly, dtbbpy performed poorly for this
substrate (22% yield of 58), further highlighting the importance
of expanding the diversity of sp>-N-ligands towards improving
selective cross-coupling reactions.

To demonstrate the scalability of the electrochemical
synthesis of iminophosphoranes, we translated our batch

5988 | Chem. Sci., 2024, 15, 5980-5992

(sz) cross-electrophile coupling via thermal chemistry, (C) C—-N coupling reaction using electrochemistry, and (D) C-H

electrosynthetic conditions to flow conditions (Scheme 7).
Utilizing a parallel plate reactor equipped with carbon felt on
graphite as the anode and a Pt cathode, we operated this flow
electrolysis reactor in recirculating mode. By switching the
electrolyte from Me,NOAc to the more soluble Bu,;NOAc, and

(TMS)N=C=N(TMS)
carbon felt(+) on graphite | Pt(-)

flow electrolysis (parallel plate reactor) N’CN
Ph ]
P. _Ph DA P. _Ph
Ph/r_l,h\/\r—l’ AP Ph/r_l,h\/\ﬁ[’
BusNOAc, 2:1 (v/v) NMP/MeOH NG
j = 8.0 mA/cm?, Q = 5.20 F/mol
DPPE f=aumaan;d mol 28

77% isolated yield

20 mmol (8.0 g)

Scheme 7 Multi-gram-scale flow-electrosynthesis of ligand 28 using
an ElectroCell Micro Flow Cell® parallel plate reactor. Photographs
illustrate the partially and fully assembled reactor.
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using carbon felt on graphite as the anode instead of graphite
(increasing the surface area), we were able to increase the
current density from 4.2 to 8.0 mA cm % and ultimately
increase productivity. The use of 5.20 F mol™' of charge
provided complete consumption of both the starting material
(DPPE) and the P(um)-P(v)-intermediate 39. The crude reaction
mixture was simply diluted with water to induce a direct crys-
tallization from the reaction mixture to isolate 28 (77% isolated
yield, corrected for purity).

Conclusions

We have developed an operationally simple and safe electro-
chemical synthesis of new iminophosphorane ligands from
commercially available phosphines.®® A paired-electrolysis
mechanism is operational where an electrogenerated base®
triggers the formation of a key intermediate to enable a rare
example of domino electrolysis. This synthetic method is safer
than conventional Staudinger chemistry (herein we would have
required the use of cyanogen-azide, NC-N3;, which is extremely
hazardous due to its energetic nature, in fact it is a primary
explosive).®® The utility of these compounds as ligands was
demonstrated in five Ni-catalyzed cross-couplings, including
C(sp*)-C(sp®) and C(sp®)-C(sp”) cross-electrophile couplings.
Improved yields for the XEC of ethyl 4-bromobenzoate with 3-
bromobutanenitrile were obtained when using iminophos-
phorane 31 or 37 compared to the commonly used dtbbpy and
ttbtpy. Iminophosphorane ligand 21 also enabled site selectivity
in a C-N coupling of a polyhalogenated pyridine derivative. This
highlights the need of a diverse library of ligands to screen
whenever optimizing for yields and selectivity in catalytic reac-
tions. We anticipate broad applicability of these ligands for
transition metal catalysis where sp®-nitrogen based ligands
have traditionally been used (e.gz C-N, C-O, C-C cross-
couplings). Applications of this electrosynthetic method to
access iminophosphorane organocatalysts for anion-binding is
also envisioned.*”
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