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ABSTRACT: Iminophosphorane P(V) compounds are accessed via electrochemical oxidation of commercially available
P(III) ligands, 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
spectroscopic studies provide insight into the reaction mechanism. The proposed mechanism based on the data reveals a
special case of sequential paired electrolysis, namely a domino electrolysis process in which intermediates generated at the
cathode are subsequently oxidized at the anode, followed by an additional convergent paired electrolysis process. DFT cal-
culations of the frontier orbitals of the iminophosphorane are compared to those of the analogous P(III) phosphines and
P(V) phosphine oxides. This reveals that N-cyano-iminophosphoranes have both a higher HOMO and lower LUMO than their
analogous phosphine oxide, rendering them suitable for both 6-donating and n-back-bonding.

Phosphine ligands are ubiquitous in catalysis.! Phospho-
rus(Ill)-based ligands are synonymous with transition
metal catalysis, both in asymmetric hydrogenations and
cross coupling chemistries (e.g. C-C, C-N, C-O couplings)
using metals like Rh, Ru, Pd to name a few. Phosphines
have also been used as organocatalysts, typically for nucle-
ophilic catalysis,> while phosphoric acid and related P(V)
derivatives are used as organocatalysts for Brgnsted acid
catalysis or ion-pairing applications.> The use of phospho-
rus(V) ligands is significantly less explored in catalysis.*
Phosphine mono-oxide ligands have been demonstrated in
Pd-couplings (Figure 1A & 1B),>%78 as well as asymmetric
Cu-catalyzed alkylation of imines and nitroalkenes.” P(V)
structures have been used directly as the catalyst (i.e. in
the absence of a metal). One example is a phosphine oxide
catalyzed enantioselective aldol reaction using carboxylic
acids and aldehydes shown in Figure 1C.'° P=S and P=Se
based phosphorimides catalysts have been used to mediate
per-silylation of 2'-deoxynucleosides to access the corre-
sponding glycal as a result of eliminating the nucleobase
(Figure 1D)." P(III)/P(V) redox catalysis has been used for
amination of boronic acid derivatives from nitroarenes or
nitroalkanes, as well as other reactions including the deox-
ygenative condensation of o-keto esters and carboxylic
acids.'? Examples of incorporating phosphorus in pharma-
ceutical and agrochemicals, * as well as in functional mate-
rials are prevalent.'* For example, phosphine oxides, such
as bis{2-[di(phenyl)phosphino]-phenyl}ether oxide
(DPEPO, Figure 1F), are commonly used as host materials
in organic light emitting devices (OLEDs)."> P(V) functional
groups are also featured in pharmaceuticals such as

remdesmivir (for the treatment of COVID-19)'¢ and
risderonate acid (typically used as the sodium salt for the
treatment of osteoporosis).!”

Iminophosphoranes are an underutilized class of P(V)
ligands, in which only sparse applications for catalysis
have been reported. These include as ligands in cross-
coupling reactions (e.g. Sonogashira, Suzuki-Miyaura, and
Negishi couplings) and hydrogenations of alkene and ke-
tones,'® as well as in organocatalysis (Figure 1E),!° eth-
ylene polymerizations,?® amongst others.?! Iminophospho-
ranes have also been used as organic neutral super-
electron donors in organic synthesis.?> The synthesis of
iminophosphoranes typically uses either: (a) a decomposi-
tion of an alkyl azide (hazardous) via a Staudinger reac-
tion, or (b) a sequential amination of PCls (the original
Kirsanov reaction),”* or (c) a two-step bromination-
amination process (the generalized Kirsanov reaction).?
These methods suffer from hazardous reagents,? limited



A. Pd-Catalyzed C—H Functionalization using a P(V)=0 Ligand (Eastgate & Blackmond, 2015) B. Dynamic Kinetic Resolution via Pd-Catalyzed C—N Coupling using a P(V)=0 Ligand

(Li & Belyk, 2015 & Ji, 2017)
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Figure 1. (A-F) Applications of P(V) ligands and catalysts. (F) Structure of P(V) ligands and N-cyanoimine derived ligands
as inspiration of N-cyano iminiophosphoranes. (G) Electrosynthesis of iminophosphoranes from P(III) phosphines (this
work).

access to a commercial source of the requisite starting

materials, and limitations in their scope. Despite the inter- Scheme 1. (A) Electrosynthesis of Iminophosphoranes
esting emerging catalysis based on P(V) ligands and cata- from Phosphines (B) Ligand Scaffold Hopping.

lysts, access to P(V) structures is still limited, in stark con-

trast to the hundreds of Commercially available P(IH) lig- \ A. Electrosynthesis of Iminophosphorane from Phosphines (This Work):\

ands. To address this limitation, we wondered if electro-
chemistry?’?® could be used to convert commercially avail- g2 <§\® /? R332 R
able P(IlI) ligands to P(V) iminophophorane ligands R?ﬁzR1 P’
(Scheme 1A) via an sustainable and safe oxidative process, a"Odeé;)cltrZal;?gde(_) N
potentially greatly expanding the chemical space of phos-

phorus-based ligands available for catalysis.? Inspired by
the impact of N-cyanoimine ligands reported by Weix and
Hansen (Scheme 1B),*® we chose to target N-cyano imino-

CN

P(lll) phosphine P(V) iminophosphorane

\; B. Ligand Scaffold Hopping: From Classic to New Ligand Design

phosphoranes (Scheme 1A) for our initial explorations.’! ————— sp?-N-based ligands for base-metal catalysis

More broadly, classic sp?-nitrogen-based ligand scaffolds N N N
for base-metal catalysis,’? like bipyridine (bipy), terpyri- \ _ \ _ R \ _ R
dine (terpy), and related structures (see Scheme 1B)3 NT YOS Z NS N
were envisioned to be transposed to scaffolds containing N~ XN N e N Nien

iminophosphoranes in which the P=N fragments in struc-
ture IP-1 to IP-3 serve as an isostere for the C=N fragment
of the classic sp?-nitrogen based ligands mentioned @ @ @
above.’* Herein we report an electrochemical method to
access iminophosphoranes and mechanistic studies of this

bipy terpy Weix ligand

new transformation. This enables single-step access to ~ I R ~ I r RQR
new ligand chemical space from commercially available SN PR = SN p-R R-p~ SN~ p-R
phosphines, as well as facile entry into chiral ligands, in N. N N. N N.
contrast to chiral bipyridines, phenanthrolines, and terpyr- oN N NC eN
idines.’s 1P-1 IP-2 IP-3

new iminophosphorane ligands

We initially targeted iminophophorane 1 (Figure 2) for
the reaction development as it is air stable and has a UV-
vis chromophore, thus enabling analysis of reaction mix-
ture



A. Electrosynthsis of Iminophosphorane using Cyanoamide 3
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Figure 2. (A) Initial attempts at synthesizing iminophospho-
rane 1a using cyanamide. (B) Heat map of assay yields ob-
tained using HTe-Chem to screen electrolytes and electrode
for the synthesis of iminophosphorane 1a using
bis(trimethylsilyl)carbodiimide). Conditions: 30 pmol scale
(0.1 M) using constant current (1 mA) using 2 F/mol charge at
room temperature. Note: C = graphite, SS = stainless steel.

via UPLC. Given that the modified Kirsanov reaction uses
Br: to oxidize PPhs to PhsPBr2 followed by amination to
access iminophosphoranes, we started off by using bro-
mide containing electrolytes to affect an anodic generation
of Br2 to mediate the oxidation of PhsP (2a) in the presence
of cyanamide (3) towards synthesizing iminophosphorane
1 (Figure 2). The use of Et«NBr as an electrolyte, enabled
oxidation of PPhs in 4:1 (v/v) MeCN/MeOH provided 15%
yield of 1 when using graphite anode and stainless steel
cathode and guanidine 4 in 12% yield, which was con-
firmed by X-ray crystallography (Figure 3). We explored an
alternative aminating reagent towards improving the se-
lectivity for iminophosphorane 1 over guanidine 4. We
wondered if a more soluble surrogate for cyanamide, spe-
cifically bis(trimethylsilyl)carbodiimide (5), would im-
prove the reaction outcome. Indeed, the use of 5 under
otherwise identical conditions provided iminophospho-
rane 1 in 70% yield and no detectable guanidine 4. We
explored these conditions with a handful of other phos-
phines but soon realized that solubility of the phosphine
starting material was poor in a number of examples (e.g.
xanthphos). Thus, we replaced MeCN with NMP as a cosol-
vent to achieve improved solubility, however the yield for
1 dropped to 43%. Given the multi-variable optimization
problem, we turned to high throughput experimentation to
address this 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. The use of MesNOAc as
the electrolyte in combination with platinum cathode and

graphite anode provided the highest yield of iminophos-
phorane 1. The Ph3sP=0 (6) side product is postulated to
arise from adventitious water or oxygen in the solvent re-
acting competitively against the aminating reagent.

Figure 3. X-ray crystallographic structure of side-product 4
(CCDC 2259467). ORTEP ellipsoid plotted at 50% probability.

Based on reaction optimization using the HTe-Chem re-
actor, 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 MesNOAc also facilitates
the reaction workup, as the reaction can 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 either recrystalli-
zation or column chromatography affords the desired
products in high purity with a variety of substrates (see
Supporting Information for details).

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
targeted a diverse substrate scope drawing inspiration
from phosphine ligands commonly used in cross-coupling
reactions, specifically those that are commercially availa-
ble. Amination of triphenylphosphine on 2 mmol scale
provide 1 in 83% yield. Electronically varied tri-
arylphosphines are well tolerated as demonstrated with
para-substituted analogs of triphenylphosphine: p-OMe
(7) 74% yield, p-F (8) 92% yield, p-Cl (9) 73% yield, and p-
CF3 (10) 83% yield. Styrenyl containing product 11 is ob-
tained in 79% yield, which could have application as a pre-
cursor to iminophosphorane-functionalized polystyrene
materials (e.g. polystyrene resin-bound ligand/catalyst for
heterogenous catalysis).* Ortho-substitution is well toler-
ated 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 analog of APhos to access 13
in 39% yield.



TABLE 1. Reaction scope for the electrosynthesis of iminiophosphorane.?
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aStandard condition: 2.0 mmol of phosphine (0.13 M) in 4:1 v/v NMP/MeOH containing 6.0 mmol of 5 per phosphorus, and
1.5 mmol of MesNOAc; constant current electrolysis (10 mA, j = 4.2 mA/cm?) and a charge of 2.5 F/mol per phosphorus us-
ing a graphite anode and a platinum foil cathode. 1 mmol scale (0.07 M in phosphine using 14:1 v/v NMP/MeOH containing
1.5 mmol of MesNOAc. ‘Same as standard conditions, except 6.0 mmol of 5 was used and the charge was 2.5 F/mol. “Same as
standard conditions, except 6.0 mmol of N-cyanoguanidine was used instead of 5.

Diarylmonoalkylphosphines are also suitable substrates, ylphenylphosphine to 15 is achieved in high yield (82%).
as iminophosphorane 14 is accessed in 56% yield from The conversion of CyJohnPhos to 16 in 75% yield demon-
diphenylcyclohexylphosphine. Conversion of dicyclohex- strates that ortho-arylation on phenyl ring is tolerated with



these dialkylmonoarylphoshine substrates. Even acetals
can be carried through this transformation as showcased
with the functionalization of the meCgPPh ligand to product
17 in 89% yield (1:1 d.r.).

The incorporation of heterocycles into the iminophos-
phorane product can be achieved as well as demonstrated
with products (18-22). The incorporation of pyridyl frag-
ments is demonstrated with both triaryl and diarylpo-
sphines with products 18 (86% yield), 19 (87% yield), 20
(83% yield), and 21 (85% yield). Product 22 is obtained in
81% yield, highlighting how a pyrazole can also be brought
through this transformation, potentially providing biden-
tate functionality. Chiral phosphine ligands, such as those
based on phosphinooxazolines (PHOX) substructures, can
be transformed to their corresponding iminophospho-
ranes. This was exemplified with products 23-25 that
were obtained in yields ranging from 55-70%, without
evidence of ee erosion.

Bidendate phosphines such as DPPE, DPEPhos, and
Xantphos provide 26-28 in 87%, 63%, and 79% yield, re-
spectively. 2,6-Bis(diphenylphosphino)pyridine is used to
make 29 in 68% yield, providing a tridentate ligand based
on three sp?-nitrogens. Privileged chiral ligand*’ BINAP is
converted to its iminophosphorane analog 30 in 62%. Sim-
ilarly, popular BIPHEP and SEGPHOS ligand scaffolds are
used to access 31 and 32 in 68% and 43% yields, respec-
tively.

Tripodal ligands are useful in coordination chemistry
and catalysis as the ligand can occupy one face of an octa-
hedral geometry, providing a fixed facial (fac) geometry
with the opposite face available for catalysis. Thus, we ex-
plored the use of commercially available tridentate “tri-
phos”#! ligands which enabled access to
tris(iminophosphorane) ligand 33 and 34 in 44% yield
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 ex-
plored as illustrated with products 35-37. 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 PO/PN bis-P(V) ligand 35 was accessed starting
from the commercially available DPPE-mono-oxide (i.e.
P(II1)-P(V) monoxide). In contrast, mixed P(III)-P(V) DPPE
ligands 36 and 37 were obtained by passing only 2.5
F/mol of charge under otherwise identical conditions to
those employed in Table 1.

Finally, returning to the side-product 4 that was ob-
tained during the reaction optimization work, we won-
dered if inexpensive N-cyanoguanidine, commonly used as
a fertilizer on large scale,** could be utilized in our reaction
as the aminating reagent. Gratifyingly, the formation of
iminophosphorane 4 containing cyanoguanidine was
achieved in 49% yield.

To give the reader a flavor of the kinetic stability of the
iminophosophoranes in Table 1, these were typically iso-
lated via either precipitation from the crude reaction mix-
ture using water or subjected to an aqueous workup, in

either case typically followed by silica gel column chroma-
tography all in the presence of air. This highlights both
their air stability and their resistance towards hydrolysis.

In order to gain mechanistic insight into the reaction, we
conducted DFT calculations and followed up with a series
of experiments based on NMR spectroscopy (1H, 13C, 31P)
and cyclic voltammetry. Five potential mechanisms were
initially considered (Scheme 2). In mechanism 1 (Scheme
2A), a pre-equilibrium chemical step precedes the initial
oxidation. Specifically, nucleophilic attack of carbodiimide
5 by phosphine 2a would lead to zwitterionic intermediate
38a followed by an oxidation to afford distonic radical
cation** 39a, which upon fragmentation affords N-centered
radical 40 (stepwise formal 1,2-shift of the phosphine).
Radical 40 could react with phosphine 2a-b to generate
41a followed by oxidation to get to 42a. Alternatively, rad-
ical 39 could directly generate 42a via coupling with the
radical cation of the phosphine (43a) generated via anodic
oxidation from the corresponding phosphine (radical-
radical reactions are statistically less likely, especially
when neither is a persistent radical). Finally, loss of the
silyl group from 42a would then afford iminophosphorane
product 44a.

In mechanism 2 (Scheme 2B), oxidation of the phosphine
(2a > 43a) followed by attack of the carbodiimide 5,
would afford intermediate 39a, with subsequent steps
being identical to mechanism 1.

In mechanism 3 (Scheme 2C), oxidation of
bis(trimethylsilyl)carbodiimide 5 would afford distonic
radical cation 45/45’, which upon loss of TMS-OMe would
afford 40, thereby once again ultimately leading to product
via the identical final steps of mechanism 1.

In mechanism 4 (Scheme 2D), hydrogen evolution at the
cathode via reduction of protons from methanol would
generate methoxide that could attack a silicon in
bis(trimethylsilyl)carbodiimide 5 to generate pentacoor-
dinate silicate anion 46 followed by loss of TMS-OMe to
afford anion 47. Oxidation of anion 47 would generate the
key N-centered radical 40, en route to product 44a-b via
the identical final pathway as shown in mechanism 1.

In mechanism 5 (Scheme 2E), methoxylation of
bis(trimethylsilyl)carbodiimide at the carbon of the
diimide results in either intermediate 48 or 49, depending
on whether MeOH or methoxide is the nucleophile. These
two pathways can converge at intermediate 49 which
could subsequently generate key anion 47 via loss of TMS-
OMe which intercepts mechanism 4 to ultimately lead to
the iminophosphorane product 44a-b via radical 40. Al-
ternatively, oxidation of 49 to 50 and subsequent loss of
TMS-0Me leads to radical 40. Finally, intermediate 48 can
also lead to key intermediate 40 via trimethysilylcyana-
mide 51. Ultimately, more than one pathway may exist but
all of them funnel through intermediate 40 en route to
iminophosphorane product 44a-b.

To summarize, the key question related to identifying
the operating mechanism is focused on what is the initial
step: an oxidation (e.g. oxidation of carbodiimide 5) or a
chemical step (e.g. pre-equilibrium formation of 38).



Scheme 2. Various reaction mechanisms initially considered (data supports mechanisms D & E).
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To probe mechanism 1, specifically the feasibility of a
pre-equilibrium step to form zwitterion 38 via nucleo-
philic attack of the carbodiimide 5 by the phosphine, we
conducted DFT calculations using M06-2X/6-31+G(d,p)
SMD=MeCN.* DFT results suggest that phosphine addition
to carbodiimide 5 is endothermic and energetically inac-
cessible at room temperature: 38.7 kcal/mol for PPhs, 30.1
kcal/mol for PMes (a more electron rich & more nucleo-
philic trialkylphosphine compared to PPhs). Experimental-
ly, 31P NMR spectroscopic experiments are consistent with
the lack of forming zwitterion 38 (or any new species con-
taining phosphorus). Specifically, no new 3!P signals were
observed when comparing the 3P NMR spectra for the
following three mixtures (all in 4:1 (v/v) NMP/CDsOH with
(PhO)sPO  internal standard): (mixture 1) tri-
phenylphosphine; (mixture 2) triphenylphosphine and 0.1

AGy, =—=30.0 kcal/mol

M MesNOACc electrolyte; and (mixture 3) a 3:1 molar ratio

of  bis(trimethylsilyl)carbodiimide 5 and tri-
phenylphosphine in 0.1 M MesNOAc 4:1 (v/v)
NMP/CDs0D.

Finally, cyclic voltammetry (CV) experiments (vide infra)
of these mixtures of triphenylphosphine and

bis(trimethylsilyl)carbodiimide 5 did not reveal the emer-
gence of a redox event at a lower potential than that for
PPhs (Figure 5). Based on the data from DFT, NMR spec-
troscopy, and CV experiments we ruled out mechanism 1
formation of zwitterion 38 prior to electrolysis. However, a
new oxidation wave was observed around 0.17 V vs Fc/Fc*
when KOEt was added to solutions of the carbodiimide 5,
which is not present in the cyclic voltammogram of either
of the individual components. The alkoxide was added as a
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Figure 4. 31P NMR spectra of (top) mixture of tri-
phenylphosphine and bis(trimethylsilyl)carbodiimide (1:3
molar ratio) in 0.1 M MesNOAc electrolyte, (middle) tri-
phenylphosphine and 0.1 M MesNOAc electrolyte (bottom)
triphenylphosphine. All samples are in 4:1 (v/v) NMP/CD30D
containing (Ph0)3P=0 internal standard. Note: samples were
prepared in air and contain triphenylphosphine oxide.
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Figure 5. Overlayed cyclic voltammograms of various compo-
nents containing 0.1 M BusNPFs in MeCN measured vs Fc/Fc*
(v =500 mV/s, glassy carbon working electrode, Pt wire coun-
ter electrode). See Supporting Information for details.

surrogate for the electrogenerated base at the cathode
upon reducing H* (from MeOH) to hydrogen. The above CV
data supports the alkoxide mediated formation of anion 47
which can be oxidized to the N-centered radical 40 (DFT
predicted oxidation at -0.02 V vs Fc/Fc*, vide infra).

DFT calculations can predict oxidation potential as to
which compound is easier to oxidize. Calculations***’ using
M06-2X/6-31+G(d,p) SMD=MeCN predict the following
oxidation potentials (all vs Fc/Fc*): 0.37 V for PhsP, 1.42 V
for bis(trimethylsilyl)carbodiimide 5, 1.24 V for PhsP=N-
CN (1) ,and 1.74 for PhsP=0 (6). Cyclic voltammetry* pro-
vides experimental insight into which compound is easier
to oxidize: the phosphine, the
bis(trimethylsilyl)carbodiimide (5), or the mixture of the
above two reagents (which would be consistent with oxi-
dation of zwitterion 38). Cyclic voltammetry reveals that
the oxidation of PPhs occurs at 0.76 V vs Fc/Fc*, >1.5 V vs
Fc/Fc* for bis(trimethylsilyl)carbodiimide 5, and 0.79 V vs

Fc/Fc* for the 1:1 mixture of PPhs and 5 (essentially within
experimental error of that observed for PPhs alone). These
data suggest that mechanisms 2, 4 or 5 could be operation-
al (Schemes 2B & 2D), as these do not involve direct oxida-
tion of bis(trimethylsilyl)carbodiimide 5, unlike mecha-
nism 3 (Scheme 2C).

DFT calculations of the AGrxn for 15t step of mechanism 1
or the 2m step of mechanism 2 have large endothermic
values and thus are prohibitive for a room temperature
reaction. This suggests that neither of these mechanisms
are operational, leaving only mechanism 4 and 5 as feasi-
ble mechanisms.

In support of mechanisms 4 and 5 (Scheme 2D & 2E), the
omission of methanol results in significantly decreased
reaction performance (12% of product 1a). On the other
hand, the identity of the alcohol is less critical other ali-
phatic alcohols provide iminophosphorane 1a: EtOH
(87%), t-amyl alcohol (82%) all give comparable yield to
using MeOH (83%) when used in 4:1 v/v MeCN/ROH rati-
os under conditions otherwise identical to the optimal
conditions. Even the use of electron-deficient alcohols
(weakly nucleophilic alkoxides) such as trifluoroethanol
(TFE) and hexafluoropropanol (HFIP) result in comparable
product yields of 1 (91% and 82% respectively). We note
that adventitious water may be reduced at the cathode to
generate hydroxide which could play a role similar to the
alkoxides generated from the alcohols above and may be
associated with the 12% yield of 1 when an alcohol is
omitted.

While both the DFT and experimental (CV, NMR spec-
troscopy, and control electrosynthetic experiments) are
consistent with mechanisms 4 and 5, there could be two
potential pathways from key intermediate 40 to the
iminophosphorane product 44. Either the N-centered radi-
cal 40 adds to the neutral phosphine 2a or to the singly
oxidized phosphine (i.e. radical cation 43a). Addition of 40
to neutral phosphines is thermally accessible (4G = 5.0
kcal/mol for triphenylphosphine and AGixn = 0.2 kcal/mol
for trimethylphosphine), while oxidation of PPhs (2a) is
more challenging (0.37 V Fc/Fc*) than oxidation of 47 (-
0.11 V vs Fc/Fc*), suggesting that addition of 40 occurs to
the neutral phosphine. Subsequent oxidation of the result-
ing radial intermediate 41a is facile (-2.35 V vs Fc/Fc*)
thus access to 42a is facile. Finally, loss of TMS from 43a
provides desired product 44a with an associated AGwx = -
64.0 kcal/mol when R = Ph.

Scheme 3 illustrates the overall electrolysis process
based on the proposed mechanism. Reduction of methanol
at the cathode generates hydrogen with methoxide as a
byproduct which attacks diimide 5, which upon loss of
TMS-OMe generates anion 47. Oxidization of 47 leads to
N-centered radical 40. Subsequent attack of phosphine (2)
generates 41 which is immediately oxidized to 42. Genera-
tion of a 2nd equivalent of methoxide, analogous to above,
enables breakdown of 42 to generate the desired imino-
phosphorane product 44 and a 2m equivalent of TMS-
OMe. To the best of our knowledge this represents a rare
example of a domino electrolysis reaction,*>° which could
be categorized as a sequential paired electrolysis followed
by a convergent paired electrolysis.272°!
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To gain insight into electronic effects of modifying P(I1I)
ligands into their analogous P(V) structures (N-
cyanoiminophosphorane and phosphine oxide), we com-
puted their frontier molecular orbitals and oxidation po-
tentials using M06-2X/6-31+G(d) SMD=MeCN. Figure 6A
illustrates the HOMO and LUMO orbitals for PhsP, PhsP=N-
CN, and Ph3P=0. The HOMO energy decreases monoton-
ically from -7.31 eV (PhsP) to -7.55 eV (PhsP=N-CN) to -
8.48 eV (Ph3P=0); all values are versus vacuum. Interest-
ingly, the distribution of the HOMO changes upon these
structural variations. Specifically, HOMO is localized on the
phosphorus (lone pair) in PhsP, but for PhsP=0 it is delo-
calized on two of its phenyl rings. Conversely, the HOMO is
localized on the N-CN fragment for PhsP=N-CN. The DFT
predicted oxidation potential (Eox) follows this same trend
as the HOMO energies, specifically, Eox = 0.37 V for PhsP,
1.24 V for Ph3P=N-CN, and 1.74 V for Ph3P=0, all versus
Fc/Fc*). The distribution of the LUMO also vary across
these three ligands (thus potentially impacting how back-
bonding from a transition-metal to these ligands may oc-
cur if they are ligated to a metal). Noteworthy, the LUMO
energies do not decrease monotonically when considering
the ligands in the same order as above, specifically the
LUMO energy varies from -0.01 eV (PhsP) to -0.58 eV
(PhsP=N-CN) to -0.15 eV (PhsP=0); all values are versus
vacuum. The HOMO-LUMO gap for these three ligands var-
ies from 7.31 eV for PhsP to 8.33 eV for PhsP=N-CN and
8.32 eV for PhsP=0. The reduced HOMO-LUMO gap for
Ph3P=N-CN is mostly due to a more significant lowering of
the LUMO in comparison with other structure in that se-
ries. Overall, these changes highlight that formal oxidation
of the P(III) ligands to P(V) results not only in significant
electronic changes, but also that these changes may be
different depending on the which group is attached to the
P(V) center (O for a phosphine oxide or N-CN for an N-
cyanoiminiophosphorane).

The classic method of characterizing electronic proper-
ties of phosphine ligands is to report the Tolman electronic
parameter (TEP).2 The TEP is the IR frequency associated
with the A1 stretch of the CO for a Ni(CO)sL complex. The
TEP correlates with the electron donating ability of a lig-
and. DFT calculations provide a quick way of rank ordering
a series of ligands and benchmarking studies have validat-
ed this approach.’® Based on these precedents, we comput-
ed the TEP for PhsP, Ph3P=0, and Ph3P=N-CN and obtained
2067.4 cm™, 2070.1 cmt, and 2071.6 cm-!, respectively
(Figure 6B). The three data point all have similar TEP val-
ues, yet may suggest that the iminophosphorane is slightly
more electron deficient than the analogous P(III) phos-
phine.>* While the DFT calculations show the HOMO is de-
stabilized in the iminophosphoranes compared to the
analogous P(III) ligands, suggesting weaker c-donor abil-
ity, the lowering of the LUMO in the iminophosphoranes
has the added benefit of being able to participate in im-
proved m-back-bonding (Figure 6).% This may have im-
portant implications towards stabilizing low-oxidation
state transition-metal complexes (e.g. those in a d'° config-
uration) for new or improved catalysis (e.g. Ni-catalyzed
cross-coupling reactions).

To probe structural aspects of these new iminophospho-
ranes, a number of ligands (13, 22, (R)-23, 26, 27, (5)-31,
35, and 36) were crystallized and characterized by X-ray
crystallography (Figure 7). Key structural parameters are
summarized in the Supporting Information (see Table
S$10). The bent nature of the “P=N-CN” fragment was in-
deed confirmed with a typical bond angle associated with
the P=N-C fragment being ca. 124°. The average P=N bond
length for these eight X-ray crystallographic structures
was 1.60 A, noticeably longer than a P=0 bond (1.46 A)
found in triphenylphosphine oxide.’® The P-C bond length
of these iminophosphorane is also influenced compared to
that found in triphenylphosphine oxide (1.76 A).5¢ Finally,
the stereochemistry of chiral iminophosphorane (R)-23
and (S)-31 are consistent with overall retention based on
the starting material used in their electrochemical synthe-
sis.
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Figure 6. (A) DFT computed lowest unoccupied molecular orbital (LUMO, (top) and highest occupied molecular orbital (HOMO)
(bottom) for: (left) PPhs, (left) PhsP=0, (left) PhsP=N-CN, using M06-2X/6-31+G(d) SMD=MeCN. (Note: orbitals are plotted using
isolvalue = 0.075 a.u.) (B). 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.

Figure 7. X-ray crystallographic structure of iminophosphorane, (top row, left to right): 13 (CCDC 2258974), 22 (CCDC 2258975),
(R)-23 (CCDC 2259466), 27 (CCDC 2258980); (bottom row, left to right): 36 (CCDC 2258979), 35 (one of two inequivalent geome-
tries, CCDC 2258978), 26 (CCDC 2258976), and (S)-31 (CCDC 2258977). Note: ORTEP ellipsoid plotted at 50% probability.

To demonstrate both the scalability of the electrochemi-
cal synthesis of iminophosphoranes and the accessibility to
ligand 26, we translated our batch electrosynthetic condi-
tions to flow conditions (Scheme 5). 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 MesNOAc to the more soluble BusNOAc, and 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 pro-
vided complete consumption of both the starting material
(DPPE) and the P(III)-P(V)-intermediate 36. The crude
reaction mixture was simply diluted with water to induce a

direct crystallization from the reaction mixture to isolate
26 (81% isolated yield, corrected for purity).

Scheme 5. Multi-Gram-Scale Flow-Electrosynthesis of
Ligand 25.
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In conclusion, we have developed an operationally sim-
ple and safe electrochemical synthesis of new iminophos-



phorane ligands form commercially available phosphine.
The mechanistic study reveals a paired-electrolysis mech-
anism is operational where an electrogenerated base®’
triggers the formation of a key intermediate to enable a
rare example of domino electrolysis. This synthetic method
provide a safer alternative to conventional Staudinger
chemistry (herein we would have required the use of cy-
anogen-azide, NC-N3, which is extremely hazardous due to
its energetic nature, in fact it is a primary explosive).® We
are currently evaluating these ligands for transition-metal
catalysis and anticipate broad applicability where sp2-
nitrogen based ligands have traditionally been used (e.g.
C-N, C-0, C-C). Applications of this electrosynthetic meth-
od to synthesize organocatalysts for anion-binding is also
envisioned.’ Impact beyond catalysis with these imino-
phosphoranes, such as in host materials for OLEDs as re-
placement for phosphine oxides* (e.g. DPEPO), is also en-
visioned given their promising photostability.
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ABBREVIATIONS

bipy, 2,2'-bipyridine; C, graphite; COD, cyclooctadiene; CV,
cyclic voltammetry; DFT, density functional theory; dtbbpy,
4,4'-di-tert-butyl-2,2'-dipyridyl ; DQ, duroquinone; Fc, ferro-
cene; Fcr, ferrocerium; JAK2, Janus kinase 2; HCV, hepatitis C
virus; HFIP, hexafluoroisopropanol; HOMO, highest occupied
molecular orbital; LUMO, lowest unoccupied molecular or-
bital; NMP, N-methylpyrrolidine; PHOX, phosphinooxazolines;
SCE, standard calomel electrode; SS, stainless steel; TBADT,
tetrakis(tetrabutylammonium)decatungstate; TEP, terpy,
2,2";6',2"-terpyridine; Tolman electronic parameter; TFE, tri-
fluoroethanol, TMS, trimethylsilyl; ttbtpy, 4"-tri-tert-butyl-
2,2":6',2"-terpyridine.
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