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Introduction

Multimetallic Pd- and Ni-catalyzed C(sp?)—P
cross-coupling under aqueous micellar conditions+

Rafael Navratil, = * Kristyna Kellovska "= and Ondfej Baszczynski = *
Organophosphorus compounds containing hydrolytically and metabolically stable C(sp®)— and C(sp?)-P
bonds are widely used as reagents, ligands, pesticides, herbicides, flame retardants, surface modifiers, and
antiviral and anticancer drugs. These applications rely on efficient C(sp®)— and C(sp?)—P bond-forming
reactions. However, currently available C(sp?)—P cross-coupling protocols require high catalyst loadings
and temperatures, as well as environmentally unsustainable and harmful organic solvents (e.g., N,N-di-
methylformamide, DMF). Herein, we disclose a conceptually novel strategy for performing multimetallic
Pd/Ni- and dual-ligand Pd-catalyzed C(spz)—P cross-coupling reactions in aqueous micelles under mild
and environmentally friendly conditions. Micellar catalysis in water enables C(sp?)—P cross-coupling while
avoiding environmentally unsustainable organic solvents, thereby reducing organic waste generation.
Such micellar C(spz)—P cross-coupling reactions tolerate various functional groups and provide access to
structurally diverse (hetero)aryl (thio)phosphonates, phosphinates and phosphine oxides using inexpensive
commercial materials and catalysts. Moreover, C(sp?)-P cross-coupling reactions of medically relevant
substrates and drugs under late-stage functionalization settings and multistep one-pot processes high-
light the potential applications of this experimental paradigm.

initiation factor 4E (eIF4E) inhibitors.”’ Moreover, brigatinib,
an anaplastic lymphoma kinase/epidermal growth factor recep-

Phosphonates, phosphinates, phosphine oxides and related
C-P bond-containing compounds are widely applied in
organic' and pharmaceutical chemistry,>* agrochemistry,* and
materials science.>® Introducing a C-P bond into organic
compounds often improves their properties, increasing
water solubility, decreasing lipophilicity, and enhancing
pharmacokinetics.”” Furthermore, C-P bonds are more meta-
bolically stable than hydrolytically labile P-O bonds of natural
phosphates.®'® Accordingly, the increased stability of C-P
bonds has proved vital for numerous applications.

Isosterically replacing phosphates by more metabolically
stable phosphonates has fostered the development of life-
1" and antibacterial> drugs and prodrugs"?
because they the Dbioactivity of the original
phosphates.'>'* Several bioactive phosphonates, phosphinates
and phosphine oxides have also been applied in drug discovery
and development,***”*>7'8 yielding fosdevirine, a non-nucleo-
side reverse transcriptase inhibitor (Fig. 1A)," and efonidi-
pine, a calcium channel blocker,” in addition to eukaryotic

saving antivira
retain
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tor (EGFR) inhibitor”> with an aryl dimethylphosphine oxide
motif (Ar-P(O)Me,), has been approved by the Food and Drug
Administration (FDA) for cancer treatment. These applications
of organophosphorus compounds rely on the development of
efficient, practical, and scalable methods for the C(sp)-P
bond construction.

C(sp®)-P bonds are typically formed by cross-coupling
(hetero)aryl and alkenyl (pseudo)halides and phenol deriva-
tives with  corresponding H-P  compounds (eg,
H-phosphonates, H-phosphinates, secondary phosphine
oxides, diarylphosphines) under palladium,*® nickel,>* or
copper® catalysis (also known as Hirao coupling, Fig. 1B).”**’
However, current C(sp®)-P cross-coupling methods are limited
by (1) high catalyst loadings (often 10 mol %) and, in some
cases, alternative = procedures (slow addition of
H-phosphonate)*® or phosphorus precursors (e.g., masked
H-phosphonates)®® required to overcome the inhibitory effects
of phosphorus nucleophiles on metal catalysts given their
strong coordination properties, (2) catalytic transfer hydrogen-
ation, whereby (hetero)aryl halides are converted into (hetero)
arenes due to the undesired reducing properties of H-P
compounds,®>?" (3) heating at high temperatures (often above
100 °C) to facilitate the C(sp®)-P bond-forming reductive elim-
ination step, rendering the reactions potentially incompatible
with complex substrates bearing sensitive functional groups,
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A C(sp?-P Bonds in Bioactive Compounds and Drugs
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B Transition Metal-Catalyzed C(sp?)—P Cross-Coupling
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limitations of current methodologies
* require high catalyst loading and high temperatures
* environmentally unsustainable aprotic solvents with regulatory restrictions
* ungeneralized reactions conditions and often limited substrate scopes

challenges for C-P cross-coupling
* strong phosphorus coordination to metals hampers catalysis
* undesired catalytic transfer hydrogenation of ArX

C Environmentally Responsible and Mild C(sp2)-P Coupling (this work)

X
L ~ + g\ , ——————> N P\\R'
T H” LR n R"
= R" base R—; _
micelles in H,O
X =1, Br, OTf R', R" = Oalkyl,
Br.0 alkyl, afyl Y 45-60 °C >100 examples

*broad FG tolerance *multimetallic/dual-ligand catalysis ® medchem scaffolds
* phosphonates, phosphinates, thiophosphonates & phosphine oxides products

Fig. 1 (A) Examples of bioactive organophosphorus compounds con-
taining C(sp®)-P bonds. (B) Conventional transition metal-catalyzed
C(sp®)—P cross-coupling reactions, their limitations, and obstacles to
further developments. (C) C(sp?)—P cross-coupling enabled by multime-
tallic Pd/Ni catalysis under mild micellar conditions in water (this work).

and (4) aprotic polar solvents, such as N,N-dimethylformamide
(DMF),>**> which is classified as toxic and hazardous® and
its use has been restricted by the European Commission.>*
Further exacerbating these problems, state-of-the-art C(sp”)-P
cross-coupling methods fail to meet increasing demands for
environmentally responsible chemical processes with low
energy costs and loadings of precious transition metal catalysts
in environmentally benign solvents (e.g., water’®) under mild
conditions (at room temperature or mild heating) while redu-
cing organic waste generation.

A few studies on C(sp?)-P cross-coupling in water have been
reported (Fig. 2), but not without limitations. Under Pd cataly-
sis, a single arylphosphonate has been synthesized from
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Casalnuovo 1990
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* high [Pd] loading * water-soluble Pd complex
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* limited to HP(O)Ph, * high [Ni] loading *20 examples, 1 phosphinate product

HZO/CH3CN (2:1)

* single example

Tang & Zhu 2011 NiCl,.6H20 (10 mol %)

2,2"-bipy (20 mol %)

Il Zn
P— —_—
-R=ph

O/ H %0 H20

70°C, 15-36 h
X=1,Br,Cl

Ranocchiar 2012
Pd/C (1 mol %)
/j/ Icl) KzCOa P\Ph
HoOC \/\ P\ Eh H,0 HOOC—~ ‘:/j/
180°C, 1h X
X=1,Br,Cl uW

¢ limited to HP(O)Ph, and halobenzoic acids * high temperature ®6 examples

Yang & Wu 2013 Palladacycle (1 mol %)

o XPhos (4 mol %) (o]
X 0 KF, TBAB, i-PrOH 1
SN P—pr
R_I + ’P\\R' —_—— 1 A \ .R
L H H,0 R R
_ 100 °C Z
X=1,Br,Cl R'= Oi-Pr, Ph

* high temperature *®Pd precatalyst commercially unavailable 27 examples

Fig. 2 C(sp?)—P cross-coupling reactions operating in water and their
limitations.

4-iodotoluene and HP(O)(OEt), at room temperature,®® aryl
phosphonates and phosphine oxides have been prepared from
aryl halides and HP(O)(Oi-Pr), and HP(O)Ph,, respectively,
albeit at 100 °C,*” and triaryl phosphine oxides have been syn-
thesized from halobenzoic acids and HP(O)Ph, upon micro-
wave irradiation at an even higher temperature (180 °C).*®
Under Ni catalysis, triaryl phosphine oxides have been syn-
thesized from aryl halides and HP(O)Ph, at 70 °C.>° Bar one,
though, these methods require extensive heating. Moreover,
they all show limited substrate scopes, predominantly provid-
ing triarylphosphine oxide products. Nevertheless, these pre-
cedents demonstrate that C(sp”)-P cross-coupling reactions
operating under aqueous conditions are feasible. In this
context, we hypothesized that the current limitations of
C(sp®)-P cross-coupling methods could be overcome by per-
forming C(sp®)-P cross-coupling reactions under mild micellar
conditions in water, a concept that is often referred to as
micellar catalysis.

By micellar catalysis, organic compounds can be sustain-
ably and efficiently synthesized in water, replacing traditional
organic solvents.’® In these processes, a small amount (a few
wt %) of a surfactant is added into water to prepare micelles
with lipophilic cores. These micelles help to solubilize other-
wise water-insoluble organic compounds and serve as nanor-
eactors for their transformations. Several classes of organic
reactions have already been adapted to micellar conditions
including transition metal-catalyzed
#1422 amide-bond coupling,”® and SyAr reactions,**

in water, Cross-

couplings,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02735j

Open Access Article. Published on 24 October 2023. Downloaded on 6/20/2026 4:57:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

among others.’® These reactions typically operate at room
temperature (or under mild heating), require significantly
lower catalyst loadings, produce much less waste, and show
both faster reaction rates and better purity profiles than those
run in conventional organic solvents. Yet, despite all these
advantages, no C(sp®)-P cross-coupling reaction has been per-
formed under micellar conditions in water.

In this study, we describe the development of a mild, practi-
cal, general, and environmentally responsible C(sp?)-P cross-
coupling method, highlighting its applications in the synthesis
of complex (hetero)aryl phosphonates, phosphinates and phos-
phine oxides (Fig. 1C). This method is enabled by a combi-
nation of (1) Pd- and Ni-based catalysts (i.e., multimetallic cata-
lysis), or (2) two Pd ligands (ie., dual-ligand catalysis).
Moreover, our findings demonstrate the wide-ranging feasi-
bility of a multimetallic catalytic process under micellar con-
ditions in water.

Results and discussion

We developed a method for performing environmentally
responsible micellar C(sp*)-P cross-coupling reactions in water
by screening suitable catalysts, ligands, bases and additives, as
well as other reaction parameters (Tables 1-3). As a micellar
catalyst, we used a well-established and commercially available
“designer” surfactant TPGS-750-M (Table 1).*> TPGS-750-M is a
non-toxic, inexpensive, a-tocopherol-based (vitamin E) amphi-
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Table 2 Multimetallic Pd- and Ni-catalyzed C(sp®—P cross-coupling
conditions under micellar catalysis conditions

! i
CE ROkt
NHCbz OEt

Pd(OAc); (2.5 mol %) o
XantPhos (2.5 mol %) 1t

Ni(phen)sCl, (1 mol %) _ P\\OEt
— - OEt
2,6-lutidine (2 equiv.) NHCbz

nano Zn (0.5 equiv.)

6 3 LiBr (1 equiv.) 7
0.25 mmol 1.2 equiv. 2 wt % TPGS-750-M
H,O/EtOAC (5:1, 0.42M)
45°C,15h

Entry Deviation from above Yield”
1 None 99% (94%)”
2 No [Pd], 2.5 mol% [Ni] ND (87% RSM)
3 No [Ni], no Zn 32% (63% RSM)
4 No Zn D (96% RSM)
5 Ni°(COD)DQ/phen, no Zn 14% (83% RSM)

?Yields were determined by "H NMR using CH,Br, as an internal stan-
dard. ”Isolated yield. RSM = recovered starting material. ND = not
detected.

phile, which has been successfully used in numerous tran-
sition metal-catalyzed cross-coupling reactions in water,***>*°

Micellar C(sp®)-P cross-coupling optimization

To optimize C(sp*)-P cross-coupling under micellar con-
ditions, we initially focused our efforts on Pd-catalyzed reac-
tions. After extensively screening reaction conditions (Table 1,
please refer to ESIT for more details), we determined that the

Table 1 Initial optimization of micellar C(sp?)—P cross-coupling reaction in water. All reactions were performed at 0.25 mmol scale

metal salt (X mol %)

ligand (Y mol %) o
! ﬁ base (2 equiv.) IFl
+ I -~ \-OEt
-~ OEt OEt
R OEt 2wt % TPGS-750-M
H,O/THF (10:1, 0.5M) R
1 (R=H 3 T,18h 4 (R=H)
2 (R=Me) 5 (R=Me)
Entry R Arl/3ratio Metal salt (X mol %) Ligand (Y mol %) Base Deviation/additive T Yield”
1 H 121 Pd(OAc), (5) XantPhos (10) Et;N No THF rt 30%
2 H 121 Pd(OAc), (5) XantPhos (10) Et;N 45°C  49%
3 H 121 Pd(OAc), (5) P(t-Bu);-HBF, (10)  Et;N 45°C  53%
4 H 1211 Pd(OAc), (5) XantPhos (10) 2,6-Lutidine 45°C  88%
5 H 121 Pd(OAc), (1) XantPhos (1) 2,6-Lutidine 45°C  99% (91%)°
6 H 121 Pd(OAc), (1) XantPhos (1) 2,6-Lutidine 44 hours rt 88%
7 Me 1.2/1 Pd(OAc), (1) XantPhos (1) 2,6-Lutidine 45°C  84%° (79%)”
8 Me 1.2/1 Pd(OAc), (1) XantPhos (1) 2,6-Lutidine  LiCI (1 equiv.) 45°C  94%°
9 Me 1/2 N'(XantPhos)Cl2 (5) Et;N No THF, Zn (2 equiv.) rt ND
10 1/2 Ni(phen)Cl, (2. 5) 2,6-Lutidine?  LiCI (1 equiv.), nano Zn (0.5 equiv.) 45°C  73%°

Me_ Me

MWWC@E OO 4D
phen

Ph,P

TPGS-750-M

“?Yield was determined by *'P NMR.
detected.

This journal is © The Royal Society of Chemistry 2023

PPh,
XantPhos

b Isolated yield. ¢ Yield was determined by 'H NMR using CH,Br, as an internal standard. ¢ 3 equiv. ND = not
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Table 3 Dual-ligand C(sp?)-P cross-coupling conditions under micel-
lar catalysis conditions

Pd[P(t-Bu)s], (2.5 mol %)
Pd(OAc), (1 mol %) 0

(o]

! I XantPhos (1 mol %) P~OEt
©i T 2,6-lutidine (2 equiv.) @[ OFt
,6-lutidine (2 equiv.
OMe OFt LiBr (1 e(qui\?) ) OMe
8 3 2 wt % TPGS-750-M 9
0.25 mmol 1.2 equiv. H,O/EtOAc (5:1, 0.42M)
45°C,15h
Entry  Deviation from above Yield?
1 None Quant (99%)”
2 Pd(OAc),/P(t-Bu);-HBF,, no XantPhos 24% (67% RSM)
3 No Pd(OAc),, no XantPhos 47% (50% RSM)
4 No XantPhos 13% (84% RSM)
5 No Pd[P(t-Bu),], ND (99% RSM)
6 PCy;-HBF, or PMe(t-Bu),-HBF, ND (99% RSM)
7 Multimetallic conditions (Table 2, entry 1)  95% (full conv.)

“Yields determined by 'H NMR using CH,Br, internal standard.
bIsolated yield. RSM = recovered starting material. ND = not detected.
Please refer to additional optimization details in ESIL.}

model coupling reaction of iodobenzene (1, 1.2 equivalent)
with inexpensive diethyl H-phosphonate (3, 1 equivalent) pro-
vided the desired product, diethyl phenylphosphonate (4), in
~30% *'P NMR yield when using Pd(OAc), (5 mol %),
XantPhos (10 mol %), Et;N (2 equivalent), and 2 wt %
TPGS-750-M in water (0.5 M), at laboratory temperature
(~20 °C), over 18 hours (Table 1, entry 1). Adding an organic
co-solvent (10 vol %), such as THF, into the reaction mixture
and raising the temperature to 45 °C increased the yield of 4
(entry 2). After screening various mono- and bidentate phos-
phine ligands, including dppf, dppe, dppp, DPEphos, BINAP,
dtbpf, Cy-XantPhos, PCy;, PMe(¢-Bu),, APhos and Buchwald-
type (JohnPhos, DavePhos, XPhos, and SPhos) ligands, among
others (see ESIt), we found that XantPhos and P(¢t-Bu); (used
as its bench-stable HBF, salt, entry 3) were the most effective
ligands. Furthermore, decreasing catalyst loading from 5 to
1 mol % also improved the yield of 4 (entry 5).

The base used in this reaction strongly affected the yield.
Switching from Et;N (pKgg, = 11.0 in H,0) to a weaker but
more lipophilic 2,6-lutidine base (pKpy+ = 6.7 in H,0) signifi-
cantly improved the reaction yield (entry 4), affording 4 in 91%
isolated yield. Stronger inorganic (Cs,CO; and K3;PO,) and
organic (DBU, Cy,NMe, and ¢-BuOK) bases proved ineffective
(<5% yield by '"H NMR) and more lipophilic organic base
(n-Bu);N afforded 4 in 57% yield ("H NMR). Therefore, micellar
C(sp®)-P cross-coupling requires using rather weak but more
lipophilic bases, such as 2,6-lutidine, to achieve high yields.

The reaction with more electron-rich 4-iodotoluene (2)
yielded phosphonate 5 in a lower yield of 79% (entry 7).
Nevertheless, adding 1 equivalent of LiCl into the reaction
mixture restored the high reaction yields, affording 5 in 94%
yield (entry 8). Most likely, LiCl enhances the yield by decreas-
ing the concentration of 2 dissolved in water (salting-out
effect), thereby increasing the concentration and reaction rate
of 2 in micellar compartments. Moreover, LiCl may generally
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enhance cross-coupling reactions.*® As such, LiCl could have a
twofold effect on micellar C(sp®)-P coupling.

Subsequently, we tested alternative catalysts, namely Cu
and Ni. Despite testing several Cu catalytic systems, no
product was detected, in any case. Similarly, combining Ni
(XantPhos)Cl, (5 mol %), Et;N (2 equivalent), and Zn powder
(2 equivalent) provided no product (entry 9). But when com-
bining Ni(phen);Cl, (2.5 mol %), 2,6-lutidine (3 equivalent),
commercial nano Zn powder (0.5 equivalent), LiCl (1 equi-
valent) and THF co-solvent (10 vol %), we prepared 5 in 73%
yield (see ESIf for more screening experiments). So at least for
2, Ni catalysis did not match the efficiency of Pd catalysis.
Based on these results, we identified Pd as an efficient catalytic
system for micellar C(sp*)-P coupling.

Multimetallic catalysis

When applying the best performing reaction conditions
(Table 1, entries 5 and 8) to other, electronically diverse sub-
strates (e.g., N-Boc-4-iodoaniline, 4-iodopyridine, 4-iodoani-
sole, and N-Cbz-2-iodoaniline), we initially observed little
(<20%) to no product formation. At this point, we continued
our extensive screening of ligands and reaction additives (see
ESI}), eventually identifying efficient, general, multimetallic
cross-coupling conditions. By combining Pd and Ni catalysts,
C(sp®)-P bonds were forged in aqueous micelles (Table 2).
More specifically, cross-coupling of N-Cbz-2-iodoaniline (6,
1 equivalent) with 3 (1.2 equivalent) was catalyzed by Pd(OAc),
(2.5 mol %) with XantPhos (2.5 mol %) and Ni(phen);Cl,
(1 mol %), in the presence of 2,6-lutidine (2 equivalent), com-
mercial nano Zn powder (0.5 equivalent), and LiBr (1 equi-
valent, LiBr outperformed LiCl in most cross-couplings, see
ESIf) in 2 wt % TPGS-750-M in water containing 16 vol %
EtOAc co-solvent (the total concentration of 6 was 0.42 M).
After stirring the reaction mixture at 45 °C, for 15 hours, phos-
phonate 7 was prepared in 94% yield (Table 2, entry 1).
Therefore, under these reaction conditions, multimetallic cata-
lysis promotes C(sp*)-P cross-coupling.

Our control experiments confirmed that the palladium cata-
lyst and zinc powder are essential; otherwise, no product is
formed (Table 2, entries 2 and 4). The reaction without the
nickel catalyst still provided 7, but in a low yield (32% by 'H
NMR), with most of 6 remaining unreacted (entry 3). Initially,
we suspected that zinc only reduced Ni(u) to catalytically active
Ni(0); however, the experiment with an air-stable Ni(0) pre-
catalyst Ni(COD)DQ* without zinc provided 7 in only 14%
yield ("H NMR). These results indicate that zinc not only is a
reductant but also facilitates transmetalation between Pd and
Ni species, in line with previous multimetallic catalyzed
C(sp®)-C(sp®) cross-coupling reactions.*®

By adding a small amount (5-20 vol %) of an organic co-
solvent into a reaction run in micelles, we were able to over-
come the limited solubility of some starting compounds
(vide infra) and to maintain a stable emulsion throughout the
reaction, thereby increasing reaction rates and yields.*® Using
EtOAc as a co-solvent (H,O:EtOAc in 5:1 v/v ratio) proved
more advantageous than THF (or any other solvent tested in

This journal is © The Royal Society of Chemistry 2023
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this study, such as toluene, 1,4-dioxane, and acetone, among
others), mainly because EtOAc (i) slightly increased the reac-
tion yields, possibly due to the higher solubilizing power of
organic compounds, and/or micelle expansion, and is (ii)
ranked as a green solvent® (iii) also used during extraction
work-up.

Our micellar C(sp*)-P coupling method is both simple and
practical, and its progress can be monitored by standard TLC
or LC-MS analysis. When the reaction is finished, the product
is extracted by adding a small volume of EtOAc (3 x ~1 mL for
a 0.25 mmol-scale reaction) directly into the reaction vial/flask,
subsequently evaporating volatiles. If desired, an excess of 3
and 2,6-lutidine can also be evaporated under high-vacuum.>
The crude product is then purified by chromatography. In
some cases (vide infra), the product can be conveniently iso-
lated in sufficient purity simply by filtering the reaction
mixture or by directly injecting the reaction mixture onto a
reverse-phase column chromatography column and perform-
ing the chromatography separation. The latter is particularly
advantageous for isolating highly water-soluble phosphine
oxide products (Fig. 5).

Some multimetallic Pd/Ni C(sp*)-P cross-couplings were pro-
blematic, particularly those with strongly coordinating phos-
phorus nucleophiles (e.g.,, secondary phosphine oxides) or
with electron-rich aryl iodides and bromides. Difficulties with
the latter resulted from stronger C-I and C-Br binding, which
complicated oxidative addition into these bonds. Both issues
proved relevant when establishing the substrate scope of aryl
halides and phosphorus nucleophiles (Fig. 3-5).

Dual-ligand conditions

In our initial screening under single-metal Pd catalysis
(Table 1, entry 3), we identified the bulky, electron-rich P(¢-
Bu); ligand as the second most efficient ligand. This ligand
facilitated both oxidative addition to stronger C-halogen
bonds and cross-coupling with strongly coordinating phos-
phorus nucleophiles, such as secondary phosphine oxides
(Fig. 5, see ESI} for further experiments). To understand the
effect of the P(t-Bu), ligand on Pd-catalyzed C(sp®)-P couplings
under micellar conditions, we performed several reactions of
electron-rich 2-iodoanisole (8, 1 equivalent) with 3 (2 equi-
valent) and Pd(OAc), (5 mol %) and P(¢-Bu);-HBF, (10 mol %)
(Table 3, entry 2). For a direct comparison with multimetallic
conditions, we used the same base (2,6-lutidine), additive
(LiBr), and co-solvent (EtOAc).

The reaction between 8 and 3 using the P(t-Bu); ligand
afforded 9 in 24% yield ("H NMR with CH,Br, as an internal
standard), whereas the reactions using other bulky, electron-
rich trialkyl phosphine ligands (PCy;, PMe(t-Bu),) provided no
detectable product (Table 3, entry 6). Coupling 8 with 3 using
a commercially available Pd[P(¢-Bu);], catalyst (5 mol %) nearly
doubled the yield of 9, reaching 47% (entry 3). But when we
combined Pd[P(¢-Bu);], (2.5 mol %) with Pd(OAc), (1 mol %)
and XantPhos (1 mol %), 9 was formed almost quantitatively.
Thus, the yield of challenging C(sp*)-P cross-coupling reac-
tions may be optimized under dual-ligand conditions.

This journal is © The Royal Society of Chemistry 2023
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Under dual-ligand conditions, further control experiments
showed that both P(#-Bu); and XantPhos ligands are essential.
Without XantPhos, the yield of 9 decreased from a virtually
quantitative yield to 13% (Table 3, entry 4). Without Pd[P(t-
Bu);],, 9 was not detected (entry 5). Similar dual-ligand syner-
gic effects have been previously described in Pd-catalyzed reac-
tions, for example, in arene C-H functionalization,”" decarbox-
ylative desaturation,’® and ketone a-alkylation.>®

Based on our experimental data on dual-ligand C(sp®)-P
coupling, oxidative addition to the C-halogen bond may be
promoted by a bulky, electron-rich P(¢-Bu); ligand. This ligand
effectively competes for coordination to Pd(0) centers with
nucleophilic 3, presumably in its trivalent phosphite form
(P(OH)(OEt),). In turn, reductive elimination, forging the
C(sp?)-P bond, may be facilitated by the high-bite-angle (111°)
bidentate XantPhos ligand,*»** which preferentially coordi-
nates to Pd(u) intermediates (see ESIT for plausible mecha-
nism).’® The C(sp®)-P cross-coupling mechanism is likely
more complex because acetates, derived from either Pd(OAc),
or added KOAc (tested during screening experiments), also
facilitated C(sp*)-P coupling; this positive acetate effect on
C(sp®)-P cross-coupling has been previously reported, albeit in
reactions performed in traditional organic solvents.>*
Therefore, multimetallic and dual-ligand conditions provide
complementary access to C(sp®)-P cross-coupling products
(vide infra).

Substrate scope of aryl halides

We applied both optimized conditions (multimetallic
Conditions A: Pd(OAc),/XantPhos/Ni(phen);Cl,/nano Zn; dual-
ligand Conditions B: Pd[P(¢-Bu);],/Pd(OAc),/XantPhos) in
cross-coupling reactions of several aryl iodides and bromides
with H-phosphonate 3 (Fig. 3). The methods proved effective in
a wide range of electron-rich and electron-poor substrates,
affording phosphonate products (5, 7, 9-49) in high yields,
including those with hydroxyl (11), amino (13), benzamide
(18), carboxylic acid (19), ketone (26), and pinacol boronate
(25, 44) groups. These results demonstrate the excellent func-
tional group-tolerance of micellar C(sp*)-P cross-coupling.

Highly crystalline substrates, such as 4-iodonitrobenzene
and aryl iodide precursors of phosphonates 43 and 44,
required a higher dilution (0.21 M instead of 0.42 M) because
of their poor solubility. Other substrates also demanded intro-
ducing some modifications, namely using Pd[P(¢-Bu);], catalyst
(5 mol %) with KOAc additive (0.5 equivalent) and running the
reaction at a higher temperature (55 °C), to prevent potential
inhibitory effects of nucleophilic (NH, and NMe,) functional
groups on cross-coupling. Under these slightly modified con-
ditions, we prepared phosphonates 13 and 14 in 59 and 70%
yields, respectively.

Aryl iodides containing Br and OTf groups, which are typi-
cally also reactive in cross-coupling reactions, provided the
corresponding phosphonates 23 and 24 in 45 and 63% yields,
along-side bis-phosphonate 47. The side-product 47 was
formed even when we performed cross-coupling with only 1.2
equivalents of 3 and at a decreased reaction temperature
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Fig. 3 Substrate scope of multimetallic-catalysed micellar C(sp?)—P cross-coupling towards aryl halides. Isolated yields are reported, unless noted
otherwise. “Conditions A. “Conditions B. 1.2 equivalent of 3. “Performed at 55 °C. ®Performed at 60 °C. 3 equivalents of 2,6-lutidine. 9Performed at
35 °C. "Determined by *H NMR with internal standard. '3 equivalents of 3. brsm = based on recovered starting material. Please refer to ESIf for more

details.

(35 °C). This outcome demonstrates that the reactivity of 23
and 24 is, at least, on a par with that of corresponding starting
aryl iodides. If desired, 47 can be synthesized directly by coup-
ling 1,4-diiodobenzene to 3 (3 equivalent) in an almost quanti-
tative yield.

Notwithstanding the results described above, micellar
C(sp®)-P coupling proved highly sensitive to ortho substitution

9784 | Green Chem., 2023, 25, 9779-9794

on an aromatic ring in most aryl halides. Broadly speaking,
Conditions B provided higher yields of ortho-substituted phos-
phonates than Conditions A despite using the bulky P(¢-Bu)s
ligand. Under Conditions A, only phosphonates 9 (0-OMe, 99%
yield using Conditions B), 7 (0-NHCbz, 94% yield using
Conditions A from Arl, 45% using Conditions B from ArBr),
and 41 (85%, Conditions A) were formed in high yields.

This journal is © The Royal Society of Chemistry 2023
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Phosphonates with other ortho substituents (Me, OCF;,
OCH,CO,Et, F and CN) were formed in low-to-good yields
(32-61%), whereas some ortho substituents (OH, CO,H,
CO,Me, CONH, and NO,) were incompatible with the reaction
conditions, generating products in trace amounts or in less
than 20% yield ("H NMR). In addition, 0-OH phosphonate 33
was accessed in 85% yield by coupling (2-iodophenoxy)tri-
methylsilane with 3. This finding indicates that C(sp®)-P cross-
coupling shows faster kinetics than silyl ether hydrolysis
under aqueous micellar conditions.

When assessing in more detail the ortho substituent effect
on 2-iodoaniline derivatives, we found that 7 (o-NHCbz) was
produced in 94% yield, whereas 37 (0-NHTs), 38 (0-NHCOCF;3),
and 39 (0-NHBn) were formed in low-to-moderate yields
ranging from 24 to 45%, irrespective of the conditions (A and
B). Under these cross-coupling Conditions A and B, 40
(0-NHBoc) was formed in much higher yields of 43 and 75%,

This journal is © The Royal Society of Chemistry 2023

respectively. But replacing hydrogen with methyl in the
0-NHBoc group (0-NMeBoc) completely inhibited this reaction,
possibly due to increased steric hindrance, confirming that
cross-coupling reactions are affected by steric effects of ortho
substituents. However, these steric effects alone do not explain
the differences in the yields of phosphonates 7, 37-40.
Differences in the acidity of the adjacent N-H group may also
affect the efficiency of micellar C(sp®)-P coupling.

In coupling reactions with boronic acid 50 and pinacol bor-
onate 51, the expected phosphonate products were not
formed; instead, phosphonate 21 was formed in high yields,
in both reactions, through a sequential C(sp”)-P coupling
and an undesired base-promoted protodeborylation.
Protodeborylation is a known side-reaction in the cross-coup-
ling chemistry of base-sensitive fluorine-containing boronic
acids and pinacol esters.’” To avoid this undesired reaction,
we performed an additional experiment with only 1.2 equiva-
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lents of 3 and 1.2 equivalents of 2,6-lutidine, but 21 was still
the main reaction product.

Substrate scope of heteroaryl halides and/or medicinally
relevant compounds

Applying the best reaction conditions thus far to C(sp®)-P
coupling of heteroaryl iodides and bromides with 3 (Fig. 4)
required decreasing the concentration of most starting com-
pounds to 0.21 M to improve their solubilization and increas-
ing the reaction temperature to 55 °C to reach higher conver-
sion rates. As a co-solvent, EtOAc was also essential,
outperforming all other organic co-solvents (THF, acetone
and toluene) tested in this study. Cross-coupling reactions
with 4- and 3-iodopyridines, N-benzyl-3-iodopyrazole, 2- and
3-iodothiophenes, and N-Boc-3-iodoindole provided the corres-
ponding phosphonates (52-59) in yields ranging from 70 to
91%. The exception was phosphonate 54, which was formed in
only 42% yield, most likely due to steric hindrance.

Reactions of medicinally relevant 4- and 7-azaindoles with 3
provided phosphonates 60-62 in yields ranging from 57 to
92%. In particular, phosphonate 61 was formed in 92 and 42%
yields when we applied Conditions B (dual-ligand) and A (mul-
timetallic), respectively, thus showcasing the strong correlation
between yield and reaction conditions. The medicinally rele-
vant, nitrogen-rich phosphonates 63 and 64 were obtained in
64 and 66% yields, respectively, and even the starting aryl
iodide for 64 was also prepared under micellar conditions in
water (SnAr reaction). Therefore, micellar C(sp®)-P cross-coup-
ling provides us with access to heterocyclic phosphonates
potentially relevant to the discovery and development of bio-
active compounds.

When applied to drug-like scaffolds and drugs with various
functional groups (Fig. 4), these micellar C(sp?)-P coupling
conditions were also effective. Reactions with iodinated drugs
and bioactive compounds, specifically iodo-nimesulide, iodo-
loratadine, iodo-strychnine, provided the respective phospho-
nates 65, 67 and 71 in yields ranging from 65 to 94%.
Coupling with the key lapatinib (anticancer drug) synthetic
precursor’® and with bioactive iodine-containing compounds,
such as trametinib (anticancer drug) and iodosulfuron-methyl
sodium salt (sulfonylurea herbicide), also afforded phospho-
nates 66, 68, and 70 in high yield of 87, 88, and 79%, respect-
ively. Among these drug-like scaffolds and drugs, the highest
yield (95%) was achieved when preparing phosphonate 69
from an antifungal ketoconazole derivative. These findings
demonstrate that micellar C(sp*)-P cross-coupling reactions
can be tolerated by a wide range of functional groups of drug
scaffolds, providing opportunities for late-stage modifications.

Substrate scope of H-P(O) compounds

After establishing the substrate scope for (hetero)aryl halide
couplings with diethyl H-phosphonate (3), we examined
cross-coupling reactions with other phosphorus partners con-
taining H-P bonds, such as other H-(thio)phosphonates,
H-phosphinates, and secondary phosphine oxides (SPOs)
(Fig. 5). In solution, these compounds feature prototropic tau-

This journal is © The Royal Society of Chemistry 2023
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tomerism between their electrophilic tetravalent P(—O)H and
nucleophilic trivalent P-OH forms.>® The latter carry a lone
electron pair, which is responsible for phosphorus coordi-
nation to transition metals.®® Unsurprisingly, the electron-
withdrawing and -donating substituents on the phosphorus
centre strongly affected the tautomerization equilibria and
their rates, as previously shown by an experimental and theore-
tical study with a series of R'"R?P(O)H compounds, wherein
tautomerization rates considerably decreased in the following
order: Ph,P(O)H > PhP(O)(OAlk)H > AIkP(O)(OAIk)H > (AlkO),P
(OJH (Alk = alkyl).”® As such, substituents attached to phos-
phorus inherently affect all reactions involving equilibria
between P(=O)H and P-OH tautomers in solution under both
basic and acidic conditions,*" including transition metal-cata-
lyzed reactions. This effect explains why developing a general
set of conditions for cross-coupling structurally diverse phos-
phorus compounds can be a challenging task.

At first, we studied the reactivity of different H-phosphonates,
more specifically di-iso-propyl H-phosphonate (72), dibenzyl
H-phosphonate (73), and bis-(S-pivaloyl-2-thioethyl)
H-phosphonate (74). All of them efficiently coupled with aryl
halides under optimized reaction conditions, except for 73,
which is hydrolytically labile and thus afforded product in low
yield (Fig. 5A). Cross-coupling reactions with 74 provided
direct access to phosphonates 77, 78 and 80 bearing a
S-acylthioethyl ~ (SATE, specifically S-pivaloyl-2-thioethyl
group)®® prodrug moiety in high yields, ranging from 88 to
99% (Fig. 5A). Coupling reactions of the lapatinib precursor
and trametinib with 72 afforded phosphonates 79 and 81, in
75 and 53% yields, respectively. Other, commercially available
dimethyl and di-n-butyl H-phosphonates showed the same
efficiency as 3 (data not shown; both phosphonates were used
in preliminary screening experiments; see ESI{), but the steri-
cally hindered di-tert-butyl H-phosphonate failed to afford the
target products under our reaction conditions.

To further demonstrate the functional group tolerance of
the micellar C(sp*)-P coupling method and its application
potential in medicinal chemistry, we cross-coupled a pomali-
domide derivative, frequently used in emerging proteolysis tar-
geting chimera (PROTAC) technology,®® with a H-phosphonate
83 containing a “clickable” terminal azide (Fig. 5A). In this
coupling, we prepared phosphonate 82 in 48% yield (63%
brsm) using Conditions B (without any further optimization).
Accordingly, 82 may be applied in PROTAC technology upon a
copper-catalysed click reaction with a suitable alkyne linker
connected to an inhibitor of interest. The third phosphorus
substituent, the ethoxy group, may also be exchanged for an
additional functionality, thereby further expanding PROTAC
applications.

We also synthesized H-phosphonate 85, an analogue of the
antiviral drug azidothymidine (AZT), and subjected 85 to
C(sp’)-P cross-coupling with 6 (Fig. 5A). In this reaction, 1
equivalent of 85 was mixed with 1.2 equivalents of iodide 6
under Conditions B, affording the desired AZT-containing
phosphonate 84 in 56% yield and in a 1:1.1 diastereomeric
ratio (*'P NMR). These reactions demonstrate that C(sp®)-P
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coupling in water may be used to synthesize potentially bio-
active nucleoside analogues in medicinal chemistry.®*

Despite their structural differences from H-phosphonates,
two H-phosphinates, namely ethyl phenyl- (86) and ethyl ethyl-
H-phosphinate (87), the latter being relevant to the synthesis
of CDK9/CycT1 inhibitors,"® also reacted under micellar cross-
coupling conditions. Cross-coupling reactions with 86 pro-
vided the corresponding phosphinates 88-90, 92 and 93 in
yields ranging from 65 to 78% (Fig. 5B), including a trametinib
derivative. But the reactions with H-phosphinate 87 were chal-
lenging, and we prepared only phosphinate 91 in 40% yield
notwithstanding our efforts to optimize the reaction con-
ditions specifically for 87. Under Conditions B or in reactions
with other ligands or bases, 91 was formed in less than 20%
yield, as shown by 'H NMR analysis (see ESIf). These results
are in line with studies on cross-coupling reactions with 87,
which also reported low yields, even under more forcing con-
ditions (refluxing toluene).?¥¢ These stark differences in cross-
coupling reactivity between 86 and 87 may be attributed to
their different P(—O)H/P-OH tautomerization rates*® and to
the stronger electron-donating abilities of the ethyl group in
87. In line with these explanations, the phosphorus in 87
shows increased electron density, which strengthens its
binding to metal centres, possibly inhibiting the catalytic
activity of these metal centres.

Although only a few studies on cross-coupling reactions
with H-thiophosphonates (containing a P=S bond) have been
published thus far,°® we assessed whether H-thiophosphonates,
such as 94, prepared by treating di-n-butyl H-phosphonate with
Lawesson’s reagent, could also be coupled with aryl iodides
under micellar C(sp*)-P coupling conditions. Upon coupling
with aryl iodides, the desired H-thiophosphonates were formed
in poor yields (<30%), but we eventually found that the excess
of 94 (and possibly of thiophosphonate products as well) inhib-
ited the reaction. When we performed the coupling reaction by
adding 0.7 equivalents of 94 in three portions (2.1 equivalents
in total), the thiophosphonates 95 and 96 were formed in 56%
(71% brsm) and 68% yields, respectively (Fig. 5C). Under our
conditions, cross-couplings with ethyl phenyl-H-thiophosphi-
nate (prepared in a reaction of 86 with Lawesson’s reagent)
failed presumably because this phosphinate has strong coordi-
nation properties, which inhibit metal catalysis, similar to those
of sulfur compounds. To the best of our knowledge, no metal-
catalysed coupling reaction with alkyl aryl-H-thiophosphinate
has been reported to date.

Lastly, we performed cross-coupling reactions with second-
ary phosphine oxides (SPOs) 97 and 98 (Fig. 5D). SPOs are
used not only as coupling partners but also as versatile ligands
for their strong binding to metal centres.®® For this reason,
cross-coupling reactions with SPOs often require high catalyst
loadings (10-20 mol%) and temperatures ranging between 90
to 120 °C,*” so we expected that micellar cross-coupling reac-
tions with SPOs could be challenging. Yet, under Conditions A
(Conditions B were ineffective), C(sp?)-P coupling reactions
with diphenyl phosphine oxide (97) afforded the corres-
ponding triaryl phosphine oxides 99, 103 and 106 in good
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yields (43-72%) (Fig. 5D). In contrast, under modified
Conditions B (Conditions A were ineffective), the reactions
with dimethyl phosphine oxide (98) afforded highly-polar
phosphine oxides 100-102, 104 and 105 in yields ranging from
43 to 81%.

The cross-coupling reactions with 98 required using a stron-
ger base than 2,6-lutidine (N-methylmorpholine; pKg, = 7.4
in H,0) and, most often, increasing the reaction temperature
to 60 °C to enhance conversion. Overall, these reactions were
challenging. For example, no phosphine oxide was formed
from the 3-iodo-7-azaindole derivative; instead, the starting
compound was cleanly converted into the corresponding pro-
todehalogenation product 107 (93% by '"H NMR with CH,Br,
as an internal standard) (Fig. 5D). Substituting Ts for Boc as
the protecting group made no difference in the reaction
outcome either. So, in some reactions, 98 acts as a hydrogen
donor in a Pd-catalyzed transfer hydrogenation process, as do
hypophosphites.®***" Furthermore, our results corroborate the
findings of a previous report on catalytic transfer hydrogen-
ations of alkyl and aryl halides by sodium hypophosphite
under micellar conditions in water (Tween 20 surfactant).®®
Similarity to H-phosphinates, the reactivity differences
between 97 and 98 may stem from their distinct P(=O)H/P-
OH tautomerization rates,” possibly explaining the effect of
base, and from stronger binding of 98 to Pd catalyst.
Therefore, micellar cross-coupling reactions with 98 require
using a more strongly coordinating and bulky P(¢-Bu); ligand
and more forcing conditions (heating to 60 °C).

Scale-up experiments

We also performed reactions at 1.5-2.5 mmol scales to under-
stand how micellar C(sp®)-P cross-couplings proceed at larger
reaction scales. The yields of phosphonates 7 (83% at
2.5 mmol vs. 94% at 0.25 mmol), 62 (89% at 1.5 mmol vs. 90%
at 0.25 mmol) and 15 (83% at 2.5 mmol vs. 95% at 0.25 mmol)
were slightly lower in these reactions than in those at the orig-
inal reaction scale (Fig. 3 and 4). Moreover, the scale-up syn-
thesis of 7 was performed with half the original catalyst
loading (1.25 mol% Pd and 0.50 mol% Ni), thus demonstrat-
ing that catalyst loadings can be reduced in cross-coupling
reactions with strongly coordinating phosphorus nucleophiles
such as 3.

Tandem processes involving C(sp”)-P cross-coupling

Dialkyl H-phosphonates are typically prepared by mixing alco-
hols with toxic, moisture- and air-sensitive PCl;.°° As such,
H-phosphonate syntheses are impractical and hazardous and
often lead to intractable mixtures of products.”’ Dialkyl
H-phosphonates can also be prepared by transesterification of
diphenyl H-phosphonate (108).”" In this process, 108 is mixed
with an alcohol under basic (pyridine) and neat conditions,
thereby completely avoiding corrosive PCl;. For this reason, we
assessed whether commercial diphenyl H-phosphonate (108)
can be used as an inexpensive ($0.50 per gram at Sigma-
Aldrich) source of dialkyl H-phosphonates formed in situ and
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then directly, without isolation, converted into arylphospho-
nates in micellar C(sp®)-P cross-coupling, in a one-pot process.

As a proof-of-concept, we treated neat, technical grade 108
(<90% purity, 2 equivalents) with EtOH (4 equivalents) and
2,6-lutidine (4 equivalents) at room temperature for 3 hours
(3 formed in situ), subsequently adding 6 (1 equivalent), Pd/Ni

(0.5 mL), and EtOAc (0.1 mL)
(Fig. 6A). After stirring for 15 hou
This
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Fig. 6 Tandem processes involving micellar C(sp?)—P cross-coupling. (A) Using diphenyl H-phosphonate (108) enables a two-step, one-pot aryl
phosphonate synthesis involving the in situ formation of dialkyl H-phosphonates from alcohols. (C) Multistep one-pot processes involving C(sp?)—P
cross-coupling. 2Conditions A. °Conditions B (see Fig. 3—5). Please refer to ESIt for more details.
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stable 108 and then directly used in micellar C(sp*)-P cross-
coupling reactions. Moreover, the cross-coupling step is robust
enough to tolerate phenol by-product, with only negligible
decreases in reaction yields.

We also prepared 77 in 83% yield (vs. 88% from 6 and 74)
from 74, which was formed in situ from 108 (2 equivalent) and
109 (2.4 equivalent) (Fig. 6A). Moreover, we envisioned that
this two-step one-pot protocol may provide us with a simplified
access to phosphonates with the 1,3,2-dioxaphosphinane 2-oxide
motif of the calcium channel blocker efonidipine*® (Fig. 1A). To
this end, we synthesized structurally related phosphonates
111-113 in yields ranging from 58 to 99% using the two-step,
one-pot protocol, with all reactions starting from 2,2-dimethyl-
propane-1,3-diol (110, 2 equivalent) and 108 (2 equivalent).

Lastly, we examined whether the micellar C(sp®)-P cross-
coupling can be used in other multistep one-pot procedures.
Tandem processes are commonly implemented in micellar
reactions in water, significantly increasing mass balance and
reducing waste, cost and labor, so they are highly attractive, par-
ticularly under process chemistry settings (e.g., pharmaceutical
synthesis). To demonstrate the feasibility of micellar C(sp®)-P
cross-coupling in tandem procedures, we performed three mul-
tistep, one-pot reactions (Fig. 6B-D): (i) SyAr reaction of 114
with 4-iodoaniline followed by C(sp®)-P cross-coupling with 3,
(ii) amide-bond coupling between amine 126 and benzoyl chlor-
ide followed by C(sp*)-P cross-coupling with 3, and (iii) SyAr
reaction of 119 with 120, followed by nitro group reduction, sub-
sequent amine acylation and, finally, C(sp®)-P cross-coupling
with 3. The two-step, one-pot reactions afforded the corres-
ponding phosphonates 64 and 118 in 64 and 78% yield, respect-
ively, and the four-step, one-pot reaction yielded phosphonate
125 in 69% (91% average yield per step), while skipping the
work-up and product isolation of most of the reaction steps.
These results highlight low barriers to adopting micellar C(sp?)-
P cross-coupling reactions in tandem processes in water.

Cross-coupling of aryl triflates

Aryl triflates stand out as potential coupling partners for their
excellent accessibility from ubiquitous phenols. However, their
C-O bond is stronger than the C-I bond in aryl iodides, which
may hamper cross-coupling by increasing energy barriers to
oxidative addition. Moreover, the literature on cross-coupling
chemistry of aryl triflates under micellar conditions is rather
scarce.”> Despite these caveats, we tested the feasibility of
C(sp®)-P cross-coupling of aryl triflates under micellar con-
ditions in water, but many of our initial experiments failed,
including  multimetallic and  dual-ligand  conditions.
Nevertheless, by screening various reaction conditions (see
ESIT), we found that the dppf ligand promotes the cross-coup-
ling of aryl triflates with 3 under modified multimetallic con-
ditions, albeit in mediocre yields (Fig. 7). Thus, we established
a small substrate scope and prepared two quinoline phospho-
nates 126 and 127 in 77 and 66% yield, respectively, and a
phenyl alanine derivative 128 in 56% yield.

During our screening experiments (see ESIf), we noticed
that adding salts containing weakly coordinating anions (e.g.,
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Fig. 7 Micellar multimetallic C(sp?)-P cross-coupling of aryl triflates
with 3. ?5 mol% of Pd(OAc),, 5 mol% of dppf. 1 mol% Ni(phen)sCl,.
“Performed at 55 °C.

NaPFg, Mg(OTf),, and Zn(OTf),) inhibit C(sp*)-P cross-coup-
ling reactions of aryl triflates. This finding is significant for Zn
(OTf), which is continuously formed from Zn and aryl triflate.
Thus, triflate anions may thwart micellar C(sp*)-P cross-coup-
ling, stopping this reaction from a specific concentration.

Current limitations

Our method showed a broad substrate scope and functional
group-tolerance. However, we encountered some limitations.
In particular, ortho-substituted iodobenzenes bearing OH,
NH,, NO, and CO,H groups provided phosphonate products
in poor yields (<20% by "H NMR with CH,Br, as an internal
standard). Similarly, 2-iodopyridine and 2-iodopyrazine
afforded no cross-coupling products. Despite affording the
target products in serviceable yields (40-86%), cross-coupling
reactions with some phosphorus nucleophiles (87, 97, and 98)
still require further optimization to reach their full efficiency.
Nevertheless, the recently reported surfactant Savie,”> which
enhances the efficiency of many transformations under micel-
lar conditions in water, may enable us to perform C(sp”)-P
cross-coupling reactions at higher temperatures, at which the
TPGS-750-M surfactant reaches its cloud point. These more
forcing conditions may be the key to efficient cross-coupling
reactions with poorly reactive (hetero)aryl halides and with
strongly coordinating phosphorus nucleophiles (such as 87,
97, and 98). Similarly, detailed mechanistic understanding of
both multimetallic and dual-ligand reaction conditions (see
ESI} for plausible mechanism) may help designing more
efficient micellar C(sp®)-P cross-coupling reactions and thus
warrants further investigation. Our laboratory is actively pursu-
ing these lines of research.

Future perspectives

Our approach may be readily adopted by organic, medicinal
and process chemists to develop more efficient micellar
C(sp®)-P cross-coupling reactions of challenging substrates
(e.g., 2-halopyridines, aryl triflates) while decreasing catalyst
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loading, ideally to ppm levels. Initial experiments performed
using multimetallic (2500 ppm Pd/1000 ppm Ni) and dual-
ligand (3500 ppm Pd) conditions showed that ppm level cataly-
sis is indeed feasible but current conditions vary in reaction
performance (see ESIT). Therefore, future efforts will certainly
focus on identifying more highly active catalysts and may
provide more efficient access to novel scaffolds containing
phosphorus, such as tertiary phosphine oxides prepared from
SPOs (e.g., 98), emerging, medically relevant compounds (anti-
cancer drugs, e.g., brigatinib).

Conclusion

This study establishes an experimental paradigm for mild,
practical, general, and environmentally responsible C(sp*)-P
cross-coupling under multimetallic Pd/Ni- and dual-ligand Pd-
catalysed conditions, overcoming current limitations of
C(sp®)-P cross-coupling reactions by (1) using inexpensive,
widely available Pd and Ni catalyst at lower-than-typical catalyst
loadings and commercially available H-phosphonates,
H-phosphinates and SPOs, (2) requiring only mild heating
(45-60 °C), thereby increasing functional group-tolerance and
reducing energy inputs, and (3) replacing environmentally
unsustainable and harmful polar aprotic solvents (e.g., DMF)
with water. These reactions are easy to perform, safe and
readily scalable, produce less organic waste than reactions in
organic solvents (see ESI{ for calculations of Process Mass
Intensity, PMI, values and E factors, and their comparison
with those of the literature procedures), and can be applied to
synthesize over 100 (hetero)aryl phosphonates, thiophospho-
nates, phosphinates and phosphine oxides with a wide range
of functional groups, including medically relevant substrates
and drugs under late-stage functionalization settings, in
addition to potentially bioactive compounds. Combined, these
findings open up new opportunities for applications in medic-
inal chemistry and life sciences by fostering the development
of environmentally friendly and mild cross-coupling reactions
under micellar conditions in water, including tandem pro-
cesses, while expanding the toolbox of emerging multimetal-
lic-catalysed reactions.*®%*874
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