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Sterically Controlled Late-Stage Functionalization of Bulky

.| Phosphines

Hao Deng,” Marco Bengsch,” Nico Tchorz,™ and Constanze N. Neumann*®

Abstract: The fine-tuning of metal-phosphine-catalyzed reac-
tions relies largely on accessing ever more precisely tuned
phosphine ligands by de-novo synthesis. Late-stage C—H
functionalization and diversification of commercial phos-
phines offers rapid access to entire libraries of derivatives
based on privileged scaffolds. But existing routes, relying on

~

herein we disclose an orthogonal functionalization strategy
capable of introducing a range of substituents into previously
inaccessible positions on arylphosphines. The strongly coordi-
nating phosphine group acts solely as a bystander in the
sterically controlled borylation of bulky phosphines, and the
resulting borylated phosphines serve as the supporting

phosphorus-directed transformations, only yield functionaliza-  ligands for palladium during diversification through
tion of C,.—H bonds in a specific position relative to  phosphine self-assisted Suzuki-Miyaura reactions.
phosphorus. In contrast to phosphorus-directed strategies, D

Introduction

The development of an optimized supporting ligand has
frequently led to considerable improvements in transition-
metal-catalyzed transformations, and even enabled the discov-
ery of previously unknown transformations. Rapid optimiza-
tion of catalytic processes through high-throughput experimen-
tation (HTE), design of experiments (DoE), or autonomous
process optimization, for which a set of commercially available
ligands is generally selected for testing, is becoming increas-
ingly common.” Furthermore, ligand parameterization in
combination with machine learning can highlight which
modifications to the phosphine ligand are likely to improve
catalytic performance.”’ Synthetic methods that permit late-
stage elaboration of the ligand scaffold of commercially
available phosphine ligands facilitate rapid exploration of a
targeted area of chemical space without the need for de-novo
synthesis of each separate ligand.

Substantial alterations to the phosphine structure can be
made by replacing rather than modifying one of the phosphine
substituents: Morandi et al. disclosed carbon-phosphorus bond
metathesis that enables the scrambling of substituents between
different triarylphosphines,” and more recently, the replace-
ment of aryl for alkyl substituent in (alkyl)arylphosphines by
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alkylation followed by nickel-catalyzed dearylation.”” For the
generation of catalyst libraries with more fine-grained structural
modifications, an attractive option consists in regioselective
C—H functionalization, ideally with a substituent capable of
further differentiation, so that the initial functionalization serves
as a branching point for a range of ligands. The presence of a
strongly coordinating phosphine group, however, is a double-
edged sword: enforced proximity of the catalyst to a particular
C—H bond can enhance both regioselectivity and overall
reactivity, but the high affinity of phosphines to transition
metals can likewise prevent catalyst turnover.® Previously
reported arylphosphine C—H borylation reactions, which are
catalyzed by rhodium, ruthenium or iridium, or mediated by
boron bromide reagents, all rely on the directing effect of the
phosphine substituent to achieve high regioselectivity
(Scheme 1).! Directed arylation,® alkylation,” alkenylation®®'%!
and silylation" provide efficient access to additional substitu-
ents, but the use of a directing group strategy still limits
functionalization to the C—H bond that lies closest to a catalyst
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Scheme 1. Directed and undirected metal-catalyzed C—H functionalization of
aryl phosphines.’**’-""

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-8154-5314
http://orcid.org/0000-0003-1004-1140
www.neumannlab.science
https://doi.org/10.1002/chem.202202074

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202202074

engaged in dative bonding with the phosphorus lone
pair,#*Pef1912l o the C—H bond para to this position.**® Here
we report an undirected C—H borylation reaction of bulky
phosphines, where the most sterically accessible position(s) of
the scaffold undergo functionalization, so that a distinct
regioisomer is obtained compared with phosphorus directed
C—H borylation reactions. Many of the commonly employed
phosphine ligands, for which rapid diversification would be
enabling, carry bulky substituents such as cylcohexyl, tert-butyl,
or adamantyl on phosphorus, which makes it possible to
disfavor phosphine-directed borylation to access a sterically
controlled pathway.

Diversification of C—H borylated arylphosphines has success-
fully been shown by functional group interconversion, and, in
isolated cases, by Suzuki reactions, which show moderate
yield," or require protection of the phosphine group.”d A
broadly applicable and operationally facile protocol for the
Suzuki reaction of substrates containing an unprotected
phosphine substituent would elevate borylated phosphines to a
branching point from which a multitude of ligand derivatives
are accessible. Inspired by two prior reports of phosphine self-
assisted reactions involving phosphine substituted aryl
chlorides"™ and alkenyl iodides,™ we developed a palladium-
catalyzed reaction in which the borylated phosphines act as
supporting ligands in their own further functionalization. By
targeting different positions on the phosphine skeleton, our
two-step borylation-arylation sequence complements existing
methods for the synthesis of arylated phosphine ligand libraries
(Scheme 1).29 In an effort to render phosphine diversification
operationally facile, we relied on commercially available ligands
and [Ir(COD)OMe], (Table S1 in the Supporting Information),
and developed purification protocols that require neither
protecting groups nor chromatography.

Results and Discussion

We began our work by testing if commercially available
alkylarylphosphines could successfully undergo iridium-cata-
lyzed borylation despite the presence of a strongly coordinating
phosphine moiety, by exploring different iridium precursors,
supporting ligands, and solvents (Table S2). Xphos,""* RuPhos,"®
MorDalPhos™” and CPhos"® could be efficiently transformed
into phosphine borates 1, 2, 4 and 5 using [Ir(COD)OMe], and
L1 or L2 in THF at 80°C (Scheme 2). Structurally related
BrettPhos'™ proved unreactive however, which we attributed to
the steric hindrance surrounding all available C,.—H bonds. In
the case of RuPhos, on the other hand, the dominant product
observed after 12h is diborylated, with functionalization
occurring on both the top and bottom aryl ring. Based on the
results of BrettPhos and RuPhos borylation, we predicted that
GPhos*” would undergo highly regioselective monofunctional-
ization, and indeed only a single new resonance corresponding
to 3 was visible in the *'P NMR spectrum of the concentrated
reaction mixture when GPhos was subjected to borylation.
Likewise, a bulky imidazole-based phosphine developed for the
Barbier-Negishi coupling of secondary alkyl bromides with aryl
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triflates,”” gave rise to a single regioisomer during C—H

borylation. Notably, borylation on the heteroarene was ob-
served in addition to functionalization of the carboarene for 6,
rendering the imidazole ring accessible to further functionaliza-
tion.

For tris(2,6-dimethoxylphenyl)phosphine, the use of 3.0
equiv. B,Pin, led to efficient formation of the triborylated
product (7), while triarylphosphines devoid of ortho substitu-
ents proved to be unreactive in the presence of either L1 or L2.
We found however, that the use of octane instead of THF as a
solvent, and an increase in the reaction temperature from 80 to
120°C led to substantial yields of the monoborylated triaryl-
phosphines 13, 14 and 15. A single regioisomer of PhJohnPhos-
BPin (12) was formed featuring borylation in the d-position with
respect to the phosphorus atom, which suggests a phosphine-
directed reaction, in which the substrate is serving as a ligand
for iridium. In the case of 16, borylation of ferrocene occurred
ortho to the alkyldiphenylphosphine substituent, which also
suggests a directed reaction pathway. In the case of tris(3-
chlorophenyl)phosphine, two different $-borylated regioisomers
(14 and 15) could be isolated from the same borylation
reaction, with minor isomer 15 featuring BPin in a crowded
ortho, ortho-disubstituted position. Unlike 1-10, phosphine
borates 13, 14 and 15 were formed in a phosphorus-directed
reaction because only borylation of the -position with respect
to the phosphine substituent was observed, while for a steri-
cally controlled pathway highly selective functionalization of
the y-position would be expected.”? Undirected borylation
reactions such as those yielding 1 or 7 require the presence of a
diamine ligand (Scheme S1), while the rate of the directed
reaction forming 13, 14 and 15 was decreased, and the
formation of 12 unaffected (Scheme S2), by the presence of
L2.7 However, optimized reaction conditions for directed B-
borylation include L2, because the slower rate of reaction
facilitated the isolation of mono- rather than diborylated
products in the synthesis of 13, 14 and 15.

Directed borylation was only observed for phosphines
lacking bulky substituents, while sterically directed borylation
was observed for all cylohexyl-, tert-butyl-, and adamantyl-
substituted phosphines we tested. XPhos, RuPhos, MorDalPhos
and CPhos did not give rise to phosphine-directed f-borylation.
Furthermore, for substrates where the y (10), & (8) or € (9)
positions relative to phosphorus are unsubstituted, multiple
C—H bonds underwent borylation at comparable rates, ruling
out a substantial rate enhancement for the borylation of a
particular position due to coordination of iridium to the
phosphorus center (Scheme S3). Neither iridium-catalyzed
phosphine-directed B-borylation in more than 16 % vyield,” nor
undirected borylation of phosphines has previously been
reported (Schemes 1 and S4).

For some phosphines, an isomer distinct from that acces-
sible by directed phosphine borylation (Scheme 1) can also be
accessed by meta-directed borylation of the corresponding
phosphine oxide™® or phosphonium salt®* using [Ir(COD)OMel,
and ligands requiring two-step synthesis. In the context of
phosphine library synthesis, a suitable phosphine scaffold for
elaboration may be commercially available, whereas the
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Scheme 2. Substrate scope of iridium-catalyzed borylation showing the isolated amount of product and isolated yields obtained for the regioisomer depicted,
along with NMR yields for the depicted regioisomer in brackets. [a] 1 mol % [Ir(COD)OMe], and 2 mol % L1 used; [3] 5 mol % [Ir(COD)OMe], and 10 mol % L1
used; [y] HBPin was used in place of B,Pin,; [3] isolated yield corresponds to a 7:1 mixture of two regioisomers; n.d.=not detected.

corresponding phosphine oxide commonly has to be synthe-
sized. Following borylation, reduction of the phosphine oxide,
which can be a challenging transformation (Scheme S5, Fig-
ure S1) is required. The products shown in Scheme 2, on the
other hand, were all obtained in one step from commercially
available starting materials.

Analogously to what had been previously observed in
rhodium-catalyzed directed borylation,® trifurylphosphine
failed to yield the desired borylated product 17. X-ray analysis
of crystals retrieved from attempted C—H borylation of trifur-
ylphosphine revealed pentacoordinate iridium complex 18
featuring four trifurylphosphine and one hydride ligand in a
distorted trigonal bipyramidal arrangement, the composition of
which was confirmed by IR spectroscopy and high-resolution
mass spectrometry (Figure S2). Sequestration of the catalyst
from the reaction mixture through the formation of a thermally
stable iridium complex that is poorly soluble in octane likely
explains why no C,,—H borylation was observed for trifuryl-
phosphine. Likewise, only low conversions (<259%) could be
achieved for all diphosphine substrates tested (Scheme S6). We
suspect that binding of the chelating diphosphine in preference
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to L1 or L2 yields an iridium complex that fails to catalyze the
aromatic C—H borylation reaction. When we tested if site-
selective monoborylation of 6 or 7 could be achieved at lower
reaction temperatures (Schemes S7 and S8, Figures S3 and S4),
we observed that borylation of the heterocycle-containing
substrate stalled at 30% conversion at 60°C and 15% at room
temperature, while full conversion was achieved at 80 °C within
3 h (Figure S4), suggesting that the phosphine containing
substrate irreversibly (Figure S5) deactivates the iridium catalyst
at lower reaction temperatures.

Because several C—H bonds are commonly available for
functionalization, the utility of late-stage C—H functionalization
largely rests on the ease with which a single regioisomer can be
isolated, which can be very challenging even for air-stable
substrates.”#! For alkylarylphosphines and some arylphos-
phines, a further complication arises in that temporary
protection of the phosphine moiety is required to ensure
product stability during column chromatography. In directed
C—H borylation reactions with iridium, rhodium or ruthenium,
borylated phosphines were purified by chromatography after
formation of a BH; adduct, from which the free phosphine can

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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be recovered by treatment with DABCO or diethylamine.**’>"!

Here, we employ a simple washing procedure, which obviates
the need for BH, protection and deprotection, even for sensitive
substrates. Due to the limited number of C—H bonds available
in 3, 6, 7 and 12, the reaction conditions could be tuned so that
only a single borylated isomer was formed. For substrates
where mixtures of isomers were obtained, we observed that the
different regioisomers displayed stark solubility differences in
polar solvents, which allowed us to isolate a single regioisomer
of the phosphine borate in analytically pure fashion after simple
washing of the concentrated reaction mixture with acetonitrile
or methanol for 1, 2, 4, 5 and 16 (Scheme 3). Borylation of
XPhos on scales between 200 mg and 2.00 g afforded 1 in
consistently high yields (71-77%, n=7, Scheme 3) and purity.
The iridium catalyst loading could be reduced below 1 mol%
without affecting the isolated yield of 1, and only the lowest
catalyst loading tested (0.36 mol% Ir) failed to reach full
conversion after 43 h (Scheme 3B). While the &-borylated
regioisomer of 1, phosphine oxides, catalyst and L1 were
efficiently removed by washing with MeCN, residual XPhos was
retained, leading to isolation of 1 in undiminished yield but
only 97 % purity when 0.36 mol % [Ir(COD)OMe], was employed.

Previously reported methods of functional group intercon-
version and Suzuki coupling make it possible to generate
additional phosphine ligand derivatives from borane protected
phosphine borates, which we illustrate here by the synthesis of
XPhos-OH (19) and XPhos-OMe (20) from 1.7@ The use of a
borane protecting group, which is routinely employed even for
functionalization reactions that do not employ an oxidant, such
as the Suzuki reactions with aryl halides, result in a three step
sequence for the further elaboration of phosphine borates. To
expedite the generation of libraries of phosphine catalysts, we

Reproducibility

tested if instead of protecting phosphine centers from coordi-
nation with palladium, phosphine borates such as 1 could serve
as the supporting ligand in their own further elaboration.
Despite the significant deviation from the optimal ligand : Pd
ratio of around 1-3:1,%" subjecting 1 to 3-(dimeth-
ylamino)bromobenzene in presence of catalytic amounts of
palladium dimer 21 and K,CO,, resulted in complete conversion
to arylated XPhos 22. Simple filtration of the reaction mixture of
the Suzuki reaction over celite followed by trituration with
acetonitrile furnished analytically pure XPhos derivatives 22-24
and 26-28. Different substituents including heteroaromatic
moieties could thus be installed on the phosphine scaffold
without the need for additional supporting ligands for palla-
dium, protecting groups or purification by column chromatog-
raphy. The use of 05 equivalents of bis(4-
bromophenyl)acetylene in phosphine self-assisted arylation of 1
gave access to 28, which contains two XPhos moieties linked
via a rigid tether. In the synthesis of arylated XPhos derivative
22, full conversion could also be achieved in the presence of
only 1 mol% 21, which corresponds to a Pd/ligand ratio of 1:
50. For polyfluorinated XPhos derivative 25, which was the
material most prone to air oxidation among all phosphine
derivatives investigated, the isolated product contained minor
impurities which we attribute to oxidative decomposition.
Derivatized phosphines could often be stored under air in the
solid state without undergoing oxidation (1 and 2 were stable
under air for more than 3 months and 19 for more than a
week), but showed limited solution stability, so that attempted
crystallization of 19 under air yielded a single crystal of the
corresponding phosphine oxide (Scheme 4).

While directing groups are commonly employed in tran-
sition metal catalysis to enhance reactivity or alter site

Catalyst Loading

XPhos amount | a yield

[Ir(COD)OMe]Z (a mol%) 300 mg 300 | 71% [Ir(COD)OMe]2 (a mol%) ﬁ a_ | yield
(2a mol%) (2a mol%) B~ 1.50 2%
[ o
B,Pin, (1 5 equiv) 1009 s.00 % B,Pin, (1.5 equiv
150 3.00 9 O Lo ore e
T, 78°C, 1241 09 | 300 7% TTHR s 43n \O 036 | 77w
| 0,
1509 [ 150 | 75% (200 mg XPhos)
2.00 g 1.00 | 76%
Purification

wash W|th MeCN r o S

regioisomer 1
of 1
ol
0.26 1.00
T T
10 -1 12 10 -20

Scheme 3. Borylation of XPhos proceeds efficiently on the gram scale, and a single regioisomer of 1 is obtained after simple washing of the concentrated
reaction mixture. Full conversion was achieved on large and small reaction scales even with reduced catalyst loading. * 1.2 equiv. B,Pin, was used. * 1 was
isolated in 97 % purity.
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Scheme 4. Synthesis of a library of XPhos ligand derivatives by functional group interconversion and arylation by phosphine self-catalysis. [a] for 25,

iodopentafluorobenzene was used and the reaction was carried out at 100 °C;

Ar=2,6-(diisopropyl)phenyl.

selectivity, coordination of 1 to the palladium center does not
position the C—B bond in a suitable arrangement to undergo
transmetalation (Scheme 4). We thus surmised that one mole-
cule of XPhos-BPin (1) or XPhos-Ar (22) acts as the supporting
ligand for palladium while a second molecule of 1 undergoes
transmetalation to the palladium center (Scheme 4), which
requires that both 1 and 22 are competent ligands for Suzuki-
Miyaura reactions. We verified that a supporting ligand is
required to achieve the observed catalyst activity by submitting
29, the BH; adduct of 1, to palladium-catalyzed cross coupling
with 3-(dimethylamino)bromobenzene, where no C—C bond
formation could be detected. Repeating the reaction in the
presence of 10 mol% SPhos,**® however, resulted in complete
conversion of 29 to arylated phosphine 22 (Scheme 4). To verify
that not only 1 but also 22 is a competent ligand in Suzuki-

Chem. Eur. J. 2022, 28, €202202074 (5 of 9)

for 28 only 0.5 equiv. ArBr was used. [] for 22, K,CO; (3 equiv) was used;

Miyaura couplings, as would be required for phosphine self-
assisted arylation to take place, we compared the performance
of 22 with the well-studied XPhos ligand. Replacement of XPhos
with arylated XPhos derivative 22 in the Suzuki-Miyaura
reaction of 1-chloro-4-fluorobenzene increased the rate of
formation of biaryl product (Scheme 5 and Figure S6).** Even
at room temperature and using only 0.25 mol% palladium
dimer 21, a 1.00:0.62 ratio of 1-chloro-4-fluorobenzene and the
biaryl product was formed after 5 h (Table S3).

Conclusion

In summary, sterically controlled iridium-catalyzed C—H boryla-
tion is a facile entry point for the creation of libraries of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 5. Comparative ability of XPhos and arylated XPhos derivative 22 to
promote the palladium-catalyzed Suzuki reaction of an aryl chloride (yield
obtained after stated intervals determined by '*F NMR).

phosphines with bulky substituents. Borylation reactions can be
carried out on a gram scale, and the resulting phosphine
borates can be isolated as single regioisomers without the need
for protecting groups or chromatography. Our two-step
approach involving C—H borylation and phosphine self-assisted
Suzuki-Miyaura reactions complements ruthenium- and rho-
dium-catalyzed phosphine-directed arylation reactions by grant-
ing access to different regioisomers.

Experimental Section

General experimental procedures: Unless otherwise specified,
chemicals were obtained from commercial suppliers and used as
received. For NMR analysis of air-sensitive samples, [Dglbenzene
was stored over 4 A molecular in an argon glovebox. The 4 A
molecular sieves were activated at 300°C under dynamic vacuum
(5% 107° mbar) for 3 days prior to use. Pd catalyst 21,*” Gphos,*”
and [Ir(COD)OHL"” were synthesized according to literature
procedures.

Mass spectrometry: A QExactive instrument from Thermo Fisher
Scientific with direct injection to the sprayer was used to collect ESI
measurements. Nuclear Magnetic Resonance (NMR) Spectroscopy:
NMR data were recorded using a Bruker AVIIl HD 300 MHz, Bruker
AVIIl HD 400 MHz, or Bruker AVNeo 600 MHz NMR spectrometer. 'H
and "®C chemical shifts are referenced to the deuterated solvent as
internal standard. Determination of which position underwent
borylation was made based on 'H, *C, ['H, 'H] COSY, ['*C, "H] HSQC,
['*C, "H] HMBC, [*'P, "H] HMBC, [N, 'H] HMBC and ['H, 'H] NOESY
NMR spectra of isolated compounds (and confirmed by single
crystal X-ray crystallography in the case of 1). Single crystal X-ray
diffraction (SC-XRD): SC-XRD data were recorded on Bruker AXS
Enraf-Nonius KappaCCD diffractometer with a FR591 rotating Mo-
anode X-ray source and a Bruker-AXS Kappa Mach3 with APEX-II
detector and IuS microfocus Mo-anode X-ray source. Flash column
chromatography: VWR silica gel (40-63 pm) was used.

General procedure for phosphine C—H borylation: In an argon
glove box, phosphine (1.00 equiv.), [Ir(COD)OMe], (@ mol%),
diamine ligand (L1 or L2, 2 a mol %), B,Pin, (b equiv) and solvent
(THF or n-octane) were added to a borosilicate vial or Schlenk flask.
The resulting suspension was heated at 80°C (for reactions in THF)

Chem. Eur. J. 2022, 28, €202202074 (6 of 9)

or 120°C (for reactions in n-octane) outside the glovebox. After ¢
hours, the reaction mixture was left to cool to room temperature
and concentrated. Borylated phosphines were isolated either by
washing with acetonitrile or methanol (alkylarylphosphines) or
column chromatography (triarylphosphines).

1: a=1, L1, THF, b=1.20, c=24, isolated by washing with MeCN.
"H NMR (600 MHz, C;Dy): 6 =8.35 (s, TH), 7.95 (d, J=7.6 Hz, 1H), 7.16
(dd, J=7.6, 3.7 Hz, 1H), 7.04 (s, 2H), 2.69 (hept, J=6.9 Hz, 1H), 2.58
(hept, J=6.9 Hz, 2H), 1.80-1.69 (m, 4H), 1.67-1.58 (m, 2H), 1.46-1.34
(m, 6H), 1.24 (d, J=6.8 Hz, 6H), 1.12-1.00 (m, 12H), 0.96-0.81 (m,
22H). ®C NMR (151 MHz, CsDg): 6=151.8, 151.6, 148.5, 146.5, 139.3
(139.32), 139.3 (139.30), 137.5, 137.4, 137.1, 137.0, 135.0, 131.7
(131.73), 131.7 (131.69), 128.6, 120.7, 83.9, 34.8, 34.7, 346, 31.7,
31.6, 31.2 (31.22), 31.2 (31.21), 29.9, 29.8, 27.9, 27.8, 27.5, 27.4, 26.8,
263, 25.0, 24.4, 23.4, 233. *'PNMR (122 MHz, CiDg): 6=—11.5.
HRMS-ESI (m/z): calcd for CioHgBO,P: 603.4497 [M+H]*; found:
603.4499.

2: a=3, L1, THF, b=2.2, c=24, isolated by recrystallization from
methanol. "H NMR (300 MHz, C,D): 6=8.53 (t, J=1.7 Hz, 1H), 8.20
(dt, J=7.6, 1.1 Hz, 1H), 7.44 (s, 2H), 7.35 (dd, J=7.6, 3.4 Hz, 1H), 4.28
(hept, J=6.0 Hz, 2H), 2.08-1.79 (m, 6H), 1.70-1.56 (m, 6H), 1.34-1.10
(m, 21H), 1.08-0.98 (m, 19H), 0.87 (d, J=6.0 Hz, 6H). *C NMR
(151 MHz, CsDy): d=156.5 (156.50), 156.5 (156.49), 148.5, 148.2,
139.1 (139.10), 139.1 (139.08), 137.3, 137.1, 134.8, 131.2, 131.1,
127.5,127.4, 112.7, 83.8, 83.6, 70.2, 35.1, 35.0, 31.0, 30.9, 30.6, 30.5,
27.7, 27.6 (27.64), 27.6 (27.56), 27.1, 25.1 (25.10), 25.1 (25.05), 22.5,
22.2. 3'P NMR (122 MHz, C,Dy): 6 =—8.8. HRMS-ESI (m/z): calcd for
CayHesB,04P: 719.4778 [M+H]*; found: 719.4781.

3: a=5, L1, THF, b=2, c=72, isolated by washing with methanol.
'H NMR (600 MHz, C;Dg): 6 =8.23 (s, 2H), 6.70 (d, J=9.0 Hz, 1H), 6.46
(d, J=9.0 Hz, 1H), 3.16 (s, 3H), 2.83 (hept, J=6.8 Hz, 2H), 2.45 (tt, J=
12.1, 3.2 Hz, 2H), 2.02-1.92 (m, 2H), 1.79-1.67 (m, 6H), 1.66-1.60 (m,
2H), 1.44 (d, J=6.8 Hz, 6H), 1.41 (s, 9H), 1.38-1.17 (m, 10H), 1.15 (d,
J=6.7 Hz, 6H), 1.13 (s, 12H). "CNMR (151 MHz, C¢Dy): 6=153.1
(153.14), 153.1 (153.12), 151.5, 151.4, 146.5, 146.4, 140.4, 140.2,
139.9 (139.93), 139.9 (139.87), 129.6, 127.3, 127.1, 1226, 1127,
110.6, 83.4, 77.1, 54.1, 38.3, 38.2, 34.0, 33.9, 30.9, 30.8 (30.84), 30.8
(30.80), 29.0, 28.5 (28.53), 28.5 (28.49), 28.1, 28.0, 26.9, 25.6, 25.1,
24.1. 3'P NMR (243 MHz, C,Dy): 6 =—4.5. HRMS-ESI (m/2): calcd for
C41He4BO,P: 663.4708 [M+H]; found: 663.4713.

4: a=3, L1, THF, b=2.2, c=24, isolated by washing with methanol.
'H NMR (600 MHz, CDg): 6=7.97 (dd, J=7.5, 1.2 Hz, TH), 7.94 (dd,
J=4.6, 1.2 Hz, 1H), 7.86 (dd, J=7.5, 1.4 Hz, 1H), 3.82 (t, J=4.4 Hz,
4H), 3.01 (t, J=4.5Hz, 4H), 2.16-2.02 (m, 12H), 1.86 (t, J/=3.1 Hz,
6H), 1.64 (d, J=3.3 Hz, 12H), 1.16 (s, 12H). *C NMR (151 MHz, C,D):
0=159.7, 159.6, 137.3, 129.2, 127.1, 83.9, 67.3, 54.1, 54.0, 42.4, 42.3,
37.4, 37.3, 37.2, 29.4 (29.41), 29.4 (29.36), 25.0. *'P NMR (243 MHz,
C¢Dg): 0 =20.5. HRMS-ESI (m/z): calcd for C;,Hs3NO;PB: 590.3929 (M
-+HI*; found: 590.3931.

5: a=3, L2, THF, b=3, c=24, isolated by washing with methanol.
'H NMR (600 MHz, C;Dg): 6 =8.60 (t, J=1.6 Hz, 1H), 8.20 (dt, J=7.6,
1.1 Hz, 1H), 7.86 (s, 2H), 7.52 (dd, J=7.6, 3.6 Hz, TH), 2.42 (s, 12H),
2.12-2.00 (m, 4H), 1.82 (d, J=9.6 Hz, 2H), 1.67 (d, J=12.1 Hz, 2H),
1.57 (d, J=8.5 Hz, 4H), 1.35 (qt, J=12.7, 3.8 Hz, 2H), 1.23-1.05 (m,
32H). *CNMR (151 MHz, C,Dg): 0=153.6 (153.57), 153.6 (153.56),
150.8, 150.6, 139.7, 139.6, 137.1, 137.0 (137.04), 137.0 (137.02),
136.9, 134.4, 132.9 (132.94), 132.9 (132.89), 121.8, 83.7 (83.71), 83.7
(83.70), 45.2, 35.6, 35.5, 31.9, 31.7, 30.4, 30.3, 28.1, 28.0, 27.7, 27.6,
27.0, 25.1, 25.0. *'P NMR (243 MHz, C;Dy): 6 = —8.8. HRMS-ESI (m/z):
calcd for CyoHg3B,N,0,P: 689.4784 [M+H]™; found: 689.4791.

6: a=3, L2, THF, b=3, c=24, isolated by washing with MeCN.
'HNMR (600 MHz, C,Dy): 6=7.82 (d, J=2.8 Hz, TH), 7.47 (s, 2H),
4.12-4.04(m, 2H), 1.79 (d, J=12.6 Hz, 2H), 1.60 (t, J=7.6 Hz, 2H),
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1.45 (d, J=11.9 Hz, 18H), 1.40-1.23 (m, 10H), 1.13 (s, 12H), 1.08 (s,
12H), 0.97-0.87 (m, 6H). *C NMR (151 MHz, C,Dg): 6=155.0, 151.8,
151.7, 135.2, 133.9, 130.5, 122.9 (122.94), 122.9 (122.93), 112.9, 84.2,
83.0, 76.7, 33.5, 33.4, 32.3, 31.5, 31.2, 31.1, 25.6, 25.1, 25.0, 23.7
(23.74), 23.7 (23.71). *'P NMR (243 MHz, C¢Dg): 0 =8.4. HRMS-ESI (m/
2): caled for C,1Hg,B,N,04P: 737.4996 [M +H]*; found: 737.5000.

7: a=3, L2, THF, b=3, c¢=24, isolated by washing with methanol.
'H NMR (600 MHz, C;Dg): 6=7.27 (d, J=2.9 Hz, 6H), 3.22 (s, 18H),
1.15 (s, 36H). *C NMR (151 MHz, C,Dy): 0 =162.6, 162.5, 122.4, 122.3,
110.7, 83.6, 55.7, 25.1. *'P NMR (243 MHz, C,Dy): 6= —61.9. HRMS-
ESI (m/z): caled for C,,HgB;0,,P: 8214174 [M+H]"; found:
821.4172.

12: a=3, L2, THF, 1.1 equiv. HBpin, c=24, isolated by column
chromatography on silica gel (pentane/EtOAc 40:1, v/v). 'H NMR
(600 MHz, C,D¢): 6=28.13 (ddd, J=7.4, 1.5, 0.6 Hz, 1H), 7.49 (tt, J=
6.8, 1.4Hz, 2H), 7.39-7.34 (m, 2H), 7.31 (dddd, J=7.6, 3.8, 1.5,
0.5 Hz, 1H), 7.22 (dddd, J=7.5, 4.5, 1.5, 0.6 Hz, 1H), 7.14-7.09 (m,
4H), 7.08-7.05 (m, 3H), 7.05-7.00 (m, 4H), 1.06 (s, 6H), 0.99 (s, 6H).
BCNMR (151 MHz, C,Dy): 6=150.5, 150.3, 148.4 (148.43), 148.4
(148.39), 139.6, 139.5, 138.3, 138.2, 137.3, 137.2, 135.4, 134.8, 134.6,
134.2, 134.0, 133.6, 130.8 (130.81), 130.8 (130.79), 130.7 (130.71),
130.7 (130.67), 129.8, 128.7, 128.6, 128.5 (128.53), 128.5 (128.48),
1284, 127.3, 126.7, 83.2, 25.1, 24.5. *P NMR (243 MHz, C,Dy): 6 =
—13.5. HRMS-ESI (m/2): calcd for CsoH3;BO,P: 465.2149 [M+H]™;
found: 465.2151.

13: a=3, L2, n-octane, b=22, c=24, isolated by column
chromatography on silica gel (pentane/EtOAc 40:1, v/v). "H NMR
(600 MHz, C,Dy): 0=8.16 (dd, J=7.6, 3.1 Hz, 1H), 7.47 (d, J=8.1 Hz,
2H), 7.38 (t, J=7.3 Hz, 2H), 7.10 (d, J=4.5 Hz, 1H), 7.07 (t, J=7.5 Hz,
2H), 6.99-6.96 (m, 1H), 6.91 (dd, J=7.7, 1.8 Hz, 2H), 2.00 (s, 6H), 1.91
(s, 3H), 1.03 (s, 12H). *CNMR (151 MHz, C,Dy): 0=145.5, 1454,
140.8, 140.0, 139.9, 138.0 (138.03), 138.0 (137.98), 136.6, 136.5,
135.5, 1354, 134.7, 134.6, 133.9, 133.8, 131.9, 131.8, 129.4, 128.7,
128.6, 128.4, 83.7, 24.8, 21.6, 21.3. *'P NMR (122 MHz, C,D,): 6 =
—3.5. HRMS-ESI (m/z): calcd for C,,H;,0,PB: 431.2306 [M+HI™;
found: 431.2306.

14: a=3, L2, n-octane, b=2.2, c=24, isolated by column
chromatography on silica gel (pentane/DCM 2:1, v/v). 'H NMR
(600 MHz, CDy): 6 =7.88 (ddd, /=8.0, 3.0, 0.4 Hz, 1H), 7.48 (dddd,
J=78, 2.1, 1.5, 0.4 Hz, 2H), 7.08 (ddd, J=3.6, 2.1, 0.4 Hz, 1H), 7.05
(dd, J=7.9, 2.1 Hz, TH), 7.01-6.96 (m, 4H), 6.71-6.66 (m, 2H), 0.94 (s,
12H). *C NMR (151 MHz, C,D¢): 6 = 146.6, 146.4, 140.7, 140.6, 138.2
(138.23), 138.2 (138.21), 138.2 (138.17), 135.3, 135.2, 134.4, 134.2,
132.5 (132.50), 132.5 (132.49), 132.3, 132.2, 130.3, 130.2, 129.3, 84.3,
24.6. *'P NMR (243 MHz, C,D¢): 6 =—3.1. HRMS-ESI (m/z): calcd for
C,4H,;0,BPCly: 491.0667 [M+H]*; found: 491.0667.

15: a=3, L2, n-octane, b=22, c=24, isolated by column
chromatography on silica gel (pentane/DCM 2:1, v/v). 'HNMR
(600 MHz, C¢D¢): 6=7.40 (dddd, J=7.4, 2.0, 1.4, 0.4 Hz, 2H), 7.01 (dt,
J=8.0, 0.7 Hz, 1H), 6.98 (ddd, J=8.0, 2.1, 1.0 Hz, 2H), 6.96-6.94 (m,
2H), 6.81 (ddd, J=7.7, 3.8, 0.9 Hz, 1H), 6.69 (td, J=7.8, 1.6 Hz, 2H),
6.61 (td, J=7.9, 0.7 Hz, TH), 1.23 (s, 12H). *C NMR (151 MHz, C,Dy):
0=140.2, 140.1, 137.7, 137.6, 136.6, 136.5, 133.3, 133.2, 131.5, 131.3,
129.8, 129.7, 129.4, 128.9, 128.2 (128.23), 128.2 (128.18), 127.8,
127.2, 83.0, 23.2 (23.17), 23.2 (23.16). *'P NMR (243 MHz, C,Dy): 6 =
—6.4. HRMS-ESI (m/2): caled for C,,H,;0,BPCly: 491.0667 [M+HI1*;
found: 491.0667.

16: a=3, L2, n-octane, b=2.2, c=72, isolated by washing with
MeCN. 'H NMR (600 MHz, C,D¢): 6=7.76 (ddd, J=8.1, 6.9, 1.5 Hz,
2H), 7.27 (ddd, J=7.9, 6.2, 1.4 Hz, 2H), 7.22-7.19 (m, 2H), 7.18-7.17
(m, TH), 7.05-7.01 (m, 2H), 7.01-6.97 (m, 1H), 455 (dd, J=24,
1.3 Hz, TH), 4.29-4.20 (m, 2H), 4.19-4.14 (m, 2H), 4.10 (s, 4H), 1.54
(dd, J=12.8, 7.1 Hz, 3H), 1.10 (d, J=3.1 Hz, 12H). ®*C NMR (151 MHz,
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C¢Dg): 6=138.7, 138.5, 136.8, 136.7, 135.2, 135.1, 132.9, 132.8, 128.9,
128.1, 127.2, 99.3, 99.2, 82.4, 73.1, 70.8, 70.2 (70.16), 70.2 (70.19),
68.8, 30.8, 30.7, 25.0, 24.7, 18.3, 18.2. *'P NMR (122 MHz, CiDy): 6=
13.36. HRMS-ESI (m/2): caled for CgoH3,BFeO,P: 525.1812 [M+H]™;
found: 525.1811.

Functional group interconversion: The synthesis of 19 and 20
from 1 was carried out according to a modified literature
procedures®’** (see the Supporting Information).

19: "H NMR (300 MHz, C,Dy): 6 =7.24 (s, 2H), 7.09 (dd, J=8.2, 4.0 Hz,
1H), 7.03-7.00 (m, 1H), 6.45 (dd, J=83, 2.6 Hz, 1H), 3.84 (s, TH),
2.96-2.75 (m, 3H), 1.95-1.58 (m, 13H), 1.47 (d, J=6.9 Hz, 6H), 1.31-
1.27 (m, 7H), 1.25-1.13 (m, 14H). *C NMR (151 MHz, C,Dy): 6 = 154.6,
148.3, 147.3, 140.0, 139.8, 139.0, 138.9, 137.0, 136.9, 132.7 (132.73),
132.7 (132.69), 120.6, 118.9 (118.87), 118.9 (118.85), 115.3, 34.9, 34.8
(34.79), 34.8 (34.75), 31.5, 31.4, 31.1, 29.7, 29.6, 27.9 (27.94), 27.9
(27.86), 27.7, 27.6, 26.8, 26.4, 24.4, 23.4 (23.38), 23.4 (23.37). *'P NMR
(122 MHz, C,Dy): 6 =-—11.3. HRMS-ESI (m/z): calcd for Cs3H,,OP:
493.3594 [M+H]™; found: 493.3592.

20: "H NMR (300 MHz, C¢Dg): 0=7.38 (t, J=2.2 Hz, TH), 7.24 (s, 2H),
7.18 (d, J=4.1Hz, 1H), 6.64 (dd, J=8.4, 2.7 Hz, 1H), 3.36 (s, 3H),
2.94-2.77 (m, 3H), 1.95-1.87 (m, 2H), 1.82-1.73 (m, 4H), 1.67-1.54 (m,
6H), 1.45 (d, J=6.9 Hz, 6H), 1.29-1.11 (m, 22H). *C NMR (75 MHz,
CeDe): 0=158.7, 148.6, 147.6, 140.5, 140.0, 139.2, 138.9, 137.3
(137.34), 137.3 (137.26), 133.0, 132.9, 128.9, 120.9, 119.4 (119.44),
119.4 (119.40), 112.9, 55.0, 35.2, 35.1, 35.0, 31.9, 31.7, 31.4 (31.42),
31.4 (31.39), 30.0, 29.8, 28.2, 28.1, 27.9, 27.8, 27.1, 26.7, 24.7, 23.7,
23.6. P NMR (122 MHz, C,D¢): 6 = —11.2. HRMS-ESI (m/z): calcd for
C34H5,0P: 507.3750 [M + H]*; found: 507.3758.

General procedure for phosphine self-assisted Suzuki-Miyaura
coupling: Borylated phosphine (1.00 equiv.), aryl bromide
(1.20 equiv), K;PO, (3.00 equiv.), toluene and water (4:1 v/v) were
added to a Schlenk flask, and the solution was purged with argon
before 21 (5 mol %) was added. The reaction mixture was heated at
90°C until the borylated phosphine was fully converted, cooled to
room temperature and filtered over a pad of celite using THF. The
filtrate was concentrated under reduced pressure and the product
was isolated by washing with acetonitrile or methanol.

22: 1.5 equiv. aryl bromide was used and K,CO; was used instead of
KsPO,; isolated in 82% yield by washing with acetonitrile. "H NMR
(300 MHz, C¢D¢): 6=8.14 (t, J=2.0 Hz, 1H), 7.59 (dd, J=7.8, 1.8 Hz,
1H), 7.37 (dd, J=7.9, 3.9 Hz, 1H), 7.32-7.26 (m, 3H), 7.21-7.17 (m,
1H), 7.04 (dd, J=2.6, 1.6 Hz, 1H), 6.60 (ddd, /=8.2, 2.6, 1.0 Hz, 1H),
2.94-2.82 (m, 3H), 2.57 (s, 6H), 2.00-1.86 (m, 6H), 1.72-1.52 (m, 7H),
147 (d, J=6.9 Hz, 6H), 1.30-1.24 (m, 10H), 1.20-1.09 (m, 11H).
BCNMR (151 MHz, C,Dg): 6=151.4, 148.5, 147.1, 147.0, 146.9, 142.7,
141.1, 137.8, 137.7, 137.1, 137.0, 1323 (132.29), 132.3 (132.25),
131.8, 131.7, 129.9, 127.3, 120.7, 116.3, 112.3, 112.2, 40.2, 35.0, 34.8
(34.84), 34.8 (34.82), 31.7, 31.6, 31.2 (31.24), 31.2 (31.23), 29.8, 29.7,
28.0, 27.9, 27.7, 27.6, 26.9, 26.5, 24.4, 234 (23.41), 23.4 (23.40).
P NMR (122 MHz, C¢Dg): 0=—11.5. HRMS-ESI (m/z): calcd for
C.HssNP: 596.4380 [M+H]*; found: 596.4385.

23: Toluene/water ratio was 6:1 (v/v); isolated in 63% vyield by
washing with methanol; "H NMR (600 MHz, C,Dg): 6 =8.73-8.69 (m,
1H), 8.32 (ddd, J=7.7, 1.6, 1.1 Hz, TH), 8.12 (dd, J=10.9, 2.0 Hz, 1H),
7.55 (ddd, J=7.8, 2.0, 1.2 Hz, TH), 7.36 (ddd, J=7.9, 2.0, 1.2 Hz, TH),
7.30-7.21 (m, 3H), 7.19 (td, J/=7.8, 0.5 Hz, 1H), 2.91 (hept, J=6.9 Hz,
1H), 2.84 (hept, J=6.8 Hz, 2H), 2.27 (q, /=7.6 Hz, 2H), 2.09-1.94 (m,
4H), 1.84 (d, J=13.2 Hz, 2H), 1.73-1.35 (m, 16H), 1.30 (d, J=6.9 Hz,
6H), 1.25-0.99 (m, 12H), 0.96 (t, J=7.6 Hz, 3H). "CNMR (151 MHz,
CeDe): 0=181.1, 168.6, 148.4, 146.6, 145.9, 145.8, 1414, 1384
(138.43), 138.4 (138.36), 136.6, 136.5, 134.7 (134.74), 134.7 (134.67),
133.8, 133.3, 130.6 (130.64), 130.6 (130.57), 129.9 (129.91), 129.9
(129.85), 128.8 (128.78), 128.8 (128.77), 128.7, 127.0, 126.6, 120.6,
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38.7, 38.2, 34.8, 31.6, 27.2, 27.1, 27.0, 26.9, 26.8 (26.82), 26.8 (26.80),
26.6 (26.58), 26.6 (26.56), 26.5, 26.4, 24.4, 23.4, 20.1, 10.5. *'P NMR
(122 MHz, C(D¢): 0 =—11.4. HRMS-ESI (m/z): calcd for C,5Hs,N,OP:
649.4281 [M+H]; found: 649.4285.

24: Isolated in 90% yield by washing with MeCN; 'H NMR (600 MHz,
C¢D¢): 0=28.80 (dd, J=4.1, 1.9 Hz, 1H), 8.45 (t, J=2.0 Hz, 1H), 7.69-
7.64 (m, 2H), 7.55 (ddd, /=82, 1.9, 0.4 Hz, 1H), 7.45 (dd, /=78,
3.9 Hz, TH), 7.36 (dd, J=8.5, 1.5 Hz, 1H), 7.29 (d, J=0.5 Hz, 2H), 7.22
(dd, J=8.1, 7.1 Hz, 1H), 6.78 (dd, J/=8.2, 4.1 Hz, 1H), 2.97 (hept, J=
6.8 Hz, 2H), 2.94-2.88 (m, 1H), 2.14-2.02 (m, 4H), 1.95 (tq, J=12.3,
3.2 Hz, 2H), 1.73-1.66 (m, 4H), 1.63-1.58 (m, 2H), 1.51 (d, J=6.9 Hz,
6H), 1.42-1.31 (m, 6H), 1.29 (d, J=6.9 Hz, 6H), 1.28-1.23 (m, 3H),
1.19 (d, J=6.7 Hz, 6H), 1.03-1.01 (m, TH). *C NMR (151 MHz, C;Dy):
0=150.1, 148.3, 147.0, 146.8, 146.7, 141.3, 137.9, 137.3 (137.32),
137.3 (137.28), 136.3 (136.34), 136.3 (136.32), 136.2, 136.0, 131.5,
131.4, 130.5, 130.1, 129.1, 127.6, 126.5, 121.0, 120.7, 35.0, 34.8
(34.84), 34.8 (34.76), 31.6, 31.5, 31.2 (31.18), 31.2 (31.16), 29.8, 29.7,
282, 28.1, 27.7, 27.6, 26.9, 26.5, 24.4, 23.4 (23.40), 23.4 (23.38).
P NMR (122 MHz, CiDg): 6=—11.1. HRMS-ESI (m/z): calcd for
C,,Hs,NP: 604.4067 [M + H]*; found: 604.4071.

25: Toluene/water ratio 6:1 (v/v); 1.5 equiv. iodopentafluoroben-
zene was used, and the reaction mixture was heated at 100°C;
isolated in 52% yield by washing with MeCN; 'H NMR (600 MHz,
CeDg): 6=7.93-7.88 (m, 1H), 7.39 (dd, J/=7.9, 3.7 Hz, 1H), 7.28-7.23
(m, 3H), 2.89 (hept, J=6.9 Hz, 1H), 2.76 (hept, J=6.8 Hz, 2H), 2.02-
1.85 (m, 6H), 1.72-1.56 (m, 10H), 1.45 (d, J=6.9 Hz, 6H), 1.34-1.25
(m, 12H), 1.15 (d, J=6.7 Hz, 6H). *C NMR (151 MHz, C,Dy): 6 =149.8,
149.6, 149.0, 146.8, 138.7, 138.5, 136.3 (136.29), 136.3 (136.26), 134.4
(134.38), 134.4 (134.36), 132.2 (132.23), 132.2 (132.19), 129.7, 124.9,
120.9, 35.1, 35.0, 34.8, 31.5, 31.4, 31.3 (31.29), 31.3 (31.28), 29.8, 29.7,
28.0, 27.9, 27.7, 27.6, 26.8, 26.4, 244, 23.3 (23.29), 23.3 (23.28).
P NMR (243 MHz, CiD,) 8-12.1. "FNMR (282 MHz, CiDy): 6=
—143.8 to —144.0 (m, 2F), —156.0 (t, J=21.8 Hz, 1F), —162.1 to
—162.4 (m, 2F). HRMS-ESI (m/z): calcd for C3oH,gPFs: 643.3487 [M+
H1*; found: 643.3484.

26: 1.5 equiv. aryl bromide was used; isolated in 81% yield by
washing with MeCN; 'H NMR (600 MHz, C,D,): 6=8.11 (t, J=1.9 Hz,
1H), 7.45 (ddd, J=7.9, 2.0, 0.5 Hz, 1H), 7.27-7.23 (m, 3H), 7.22 (dd,
J=3.6, 1.2 Hz, 1H), 6.86 (dd, J=5.1, 1.2 Hz, 1H), 6.80 (dd, J=5.1,
3.6 Hz, 1H), 2.90 (hept, J/=6.9 Hz, 1H), 2.81 (hept, /=6.8 Hz, 2H),
1.99-1.81 (m, 8H), 1.69-1.54 (m, 10H), 1.47 (d, J=6.9 Hz, 6H), 1.31-
1.28 (m, 8H), 1.17 (d, J=6.7 Hz, 6H), 1.10-1.07 (m, 2H). *C NMR
(151 MHz, C,Dy): 0 =148.7, 147.6, 147.4, 146.9, 144.8, 138.3, 138.2,
136.8, 136.7, 133.0, 132.5 (132.51), 132.5 (132.47), 130.0 (130.04),
130.0 (130.02), 125.7, 125.0, 123.4, 120.8, 34.9, 34.8 (34.81), 34.8
(34.76), 31.6, 31.5, 31.2 (31.22), 31.2 (31.21), 29.7, 29.6, 28.0, 27.9,
276 (27.64), 276 (27.58), 26.8, 264, 24.4, 234, 23.3. *PNMR
(243 MHz, C,D¢): 0=—12.0. HRMS-ESI (m/z): calcd for C;,Hs,PS:
559.3522 [M+H]"; found: 559.3526.

27: 1.5 equiv. aryl bromide was used; isolated in 72% vyield by
washing with MeCN; 'H NMR (300 MHz, C,D¢): 6 =8.08 (t, J=2.0 Hz,
1H), 7.56-7.45 (m, 1H), 7.38 (dd, J=7.9, 3.8 Hz, 1H), 7.30-7.21 (m,
3H), 7.10 (d, J=2.1 Hz, 1H), 6.66 (d, J=8.3 Hz, 1H), 3.47 (s, 3H), 3.41
(s, 3H), 2.98-2.79 (m, 3H), 2.02-1.85 (m, 6H), 1.69-1.53 (m, 6H), 1.48
(d, J=6.9 Hz, 6H), 1.35-1.17 (m, 20H), 1.16-1.12 (m, 2H). *C NMR
(151 MHz, C¢Dg): d=150.5, 150.0, 148.6, 147.0, 146.8, 146.6, 140.0,
137.9, 137.8, 137.0 (137.00), 137.0 (136.97), 134.6, 1324, 132.3,
131.3, 131.2, 128.6, 126.9, 120.8, 119.8, 112.7, 112.0, 55.6, 55.5, 35.0,
34.9, 34.8, 31.7, 31.6, 31.3 (31.28), 31.3 (31.26), 29.8, 29.7, 28.0, 27.9,
27.7, 27.6, 269, 26.5, 24.4, 234 (23.42), 234 (23.41). *P NMR
(122 MHz, C(D¢): 6=—11.5. HRMS-ESI (m/z): calcd for C,Hs,0,P:
613.4169 [M+H]"; found: 613.4166.
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28: 0.5 equiv. aryl bromide was used; isolated in 77% vyield by
washing with MeCN; 'H NMR (300 MHz, C,Dy): 6 =8.04 (s, 2H), 7.62
(d, J=8.2 Hz, 4H), 7.53 (d, J=8.4 Hz, 4H), 7.35-7.31 (m, 4H), 7.27 (s,
4H), 2.96-2.80 (m, 6H), 1.97-1.79 (m, 15H), 1.66-1.53 (m, 16H), 1.48
(d, J=6.8 Hz, 12H), 1.32-1.27 (m, 18H), 1.22-1.17 (m, 19H). *C NMR
(151 MHz, C,Dy): 6 =148.4, 147.5, 147.3, 146.5, 141.0, 138.3, 137.9,
137.8, 136.5, 136.4, 132.2 (132.24), 132.2 (132.18), 132.1, 130.6
(130.64), 130.6 (130.62), 127.1, 126.7, 122.6, 120.4, 90.6, 34.5 (34.50),
34.5 (34.46), 344, 31.3, 31.2, 30.9, 29.4, 29.3, 27.6, 27.5, 27.2 (27.22),
27.2 (27.16), 26.4, 26.1, 24.1, 23.0 (23.03), 23.0 (23.02). *'P NMR
(122 MHz, C,Dy): 6=—11.9. HRMS-ESI (m/2): calcd for CgHyoqPs:
1127.7686 [M+H]1*; found: 1127.7683.

Formation of borane adduct: The synthesis of 29 from 1 was
performed according to a modified literature procedure®® (see the
Supporting Information).

29: '"H NMR (300 MHz, C,Dy): 6 =8.68 (dd, J=8.6, 1.2 Hz, TH), 8.09
(dt, J=7.6, 1.4 Hz, 1H), 7.31 (dd, J=7.6, 3.5 Hz, 1H), 7.21 (s, 2H), 2.91
(hept, J=6.9 Hz, 1H), 2.67 (hept, J=6.7 Hz, 2H), 2.19-2.01 (m, 2H),
1.99-1.76(m, 4H), 1.76-1.36 (m, 16H), 1.31 (d, J=6.9 Hz, 6H), 1.08 (s,
12H), 1.05 (d, J=6.7 Hz, 6H), 1.02-0.88 (m, 6H). *C NMR (75 MHz,
CeD¢): 0=151.4, 151.3, 149.6, 146.8, 140.6, 140.5, 136.9 (136.92),
136.9 (136.89), 136.7, 136.6, 134.7, 134.5, 121.0, 84.5, 36.0, 35.5, 35.2,
31.6, 28.5, 28.3, 27.8, 27.7, 27.5, 27.3, 26.7, 26.5, 25.2, 24.8, 23.0.
3P NMR (122 MHz, C,Dy): 6 =29.3. "B NMR (96 MHz, C,Dy): 6 =34.6,
—41.49. HRMS-ESI (m/2): calcd for CyoHg;B,0,P: 639.4644 [M+Na]*;
found: 639.4647.

Crystal structures: Deposition Numbers 2174990 (for 1), 2174988
(for 18), 2174989 (for oxidation product of 19) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Acknowledgements

We thank the NMR, crystallography and mass spectrometry
departments at the Max-Planck-Institut fiir Kohlenforschung for
assistance in the characterization of reported compounds, as
well as Dr. J. Cornella and Prof. Dr. T. Ritter for helpful discus-
sion. Financial support from the Lise-Meitner Program of the
MPG is gratefully acknowledged. H. D. thanks the China Scholar-
ship Council (CSC) for a PhD scholarship. Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: borylation iridium  catalysis
functionalization - ligand libraries - phosphines

late-stage

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202202074
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202202074
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures

Chemistry
Research Article Europe v
doi.org/10.1002/chem.202202074 European Chemical

Societies Publishing

Chemistry—A European Journal

[1] a) D. A. Watson, M. Su, G. Teverovskiy, Y. Zhang, J. Garcia-Fortanet, T. Soulé, Angew. Chem. Int. Ed. 2019, 58, 14110-14114; Angew. Chem.

'E

@

Kinzel, S.L. Buchwald, Science 2009, 325, 1661-1664; b) D. Milstein,
Philos. Trans. R. Soc. London Ser. A 2015, 373, 20140189; c) R. Noyori, T.
Ohkuma, Angew. Chem. Int. Ed. 2001, 40, 40-73; Angew. Chem. 2001,
113, 40-75.

a) M. Christensen, L.P.E. Yunker, F. Adedeji, F. Hase, L. M. Roch, T.
Gensch, G. dos Passos Gomes, T. Zepel, M. S. Sigman, A. Aspuru-Guzik,
J. E. Hein, Commun. Chem. 2021, 4, 112; b)V. Nori, A. Sinibaldi, F.
Pesciaioli, A. Carlone, Synthesis 2022, 54; c)J. De Jesus Silva, M. A.B.
Ferreira, A. Fedorov, M.S. Sigman, C. Copéret, Chem. Sci. 2020, 11,
6717-6723.

a) J. W. Lehmann, I. T. Crouch, D. J. Blair, M. Trobe, P. Wang, J. Li, M. D.
Burke, Nat. Commun. 2019, 10, 1263; b) S. Zhao, T. Gensch, B. Murray,
Z. L. Niemeyer, M. S. Sigman, M. R. Biscoe, Science 2018, 362, 670-674;
¢) T. Gensch, G. dos Passos Gomes, P. Friederich, E. Peters, T. Gaudin, R.
Pollice, K. Jorner, A. Nigam, M. Lindner-D’Addario, M.S. Sigman, A.
Aspuru-Guzik, J. Am. Chem. Soc. 2022, 144, 1205-1217; d) K. Wu, A.G.
Doyle, Nat. Chem. 2017, 9, 779-784.

Z. Lian, B.N. Bhawal, P. Yu, B. Morandi, Science 2017, 356, 1059-1063.
S. Roediger, S. U. Leutenegger, B. Morandi, Chem. Sci. 2022, 13, 7914-
7919.

a) K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res. 2012, 45, 788-
802; b) G. Li, L. Wan, G. Zhang, D. Leow, J. Spangler, J.-Q. Yu, J. Am.
Chem. Soc. 2015, 137, 4391-4397; ¢) J. Wen, D. Wang, J. Qian, D. Wang,
C. Zhu, Y. Zhao, Z. Shi, Angew. Chem. Int. Ed. 2019, 58, 2078-2082;
Angew. Chem. 2019, 131, 2100-2104.

a) K. M. Crawford, T. R. Ramseyer, C. J. A. Daley, T. B. Clark, Angew. Chem.
Int. Ed. 2014, 53, 7589-7593; Angew. Chem. 2014, 126, 7719-7723;
b) S. E. Wright, S. Richardson-Solorzano, T. N. Stewart, C. D. Miller, K. C.
Morris, C. J. A. Daley, T.B. Clark, Angew. Chem. Int. Ed. 2019, 58, 2834-
2838; Angew. Chem. 2019, 131, 2860-2864; c) K. Fukuda, N. lwasawa, J.
Takaya, Angew. Chem. Int. Ed. 2019, 58, 2850-2853; Angew. Chem. 2019,
131, 2876-2879; d) O. Sadek, A. Le Gac, N. Hidalgo, S. Mallet-Ladeira, K.
Miqueu, G. Bouhadir, D. Bourissou, Angew. Chem. Int. Ed. 2022, 61,
€202110102.

a) L-N. Wang, P.-T. Tang, M. Li, J.-W. Li, Y.-J. Liu, M.-H. Zeng, Adv. Synth.
Catal. 2021, 363, 2843-2849; b) J.-W. Li, L-N. Wang, M. Li, P.-T. Tang, X.-

2019, 131, 14248-14252; g) J.-W. Li, L.-N. Wang, M. Li, P.-T. Tang, N.-J.
Zhang, T. Li, X.-P. Luo, M. Kurmoo, Y.-J. Liu, M.-H. Zeng, Org. Lett. 2020,
22,1331-1335.

a) Z. Zhang, M. Cordier, P. H. Dixneuf, J.-F. Soulé, Org. Lett. 2020, 22,
5936-5940; b) H. Luo, D. Wang, M. Wang, Z. Shi, Synlett 2022, 33, 351-
356.

J. Wen, B. Dong, J. Zhu, Y. Zhao, Z. Shi, Angew. Chem. Int. Ed. 2020, 59,
10909-10912; Angew. Chem. 2020, 7132, 11001-11004.

a) Z. Zhang, P. H. Dixneuf, J. F. Soule, Chem. Commun. 2018, 54, 7265-
7280; b) Z. Zhang, N. Durand, J.-F. Soulé, Synlett 2022, 33, 705-712.
W.-M. Dai, Y. Li, Y. Zhang, C. Yue, J. Wu, Chem. Eur. J. 2008, 14, 5538-
5554,

Z.-Y. Lian, J. Yuan, M.-Q. Yan, Y. Liu, X. Luo, Q.-G. Wu, S.-H. Liu, J. Chen,
X.-L. Zhu, G.-A. Yu, Org. Biomol. Chem. 2016, 14, 10090-10094.

X. Huang, K. W. Anderson, D. Zim, L. Jiang, A. Klapars, S. L. Buchwald, J.
Am. Chem. Soc. 2003, 125, 6653-6655.

6] M. D. Charles, P. Schultz, S. L. Buchwald, Org. Lett. 2005, 7, 3965-3968.
1 R.J. Lundgren, B. D. Peters, P.G. Alsabeh, M. Stradiotto, Angew. Chem.

Int. Ed. 2010, 49, 4071-4074; Angew. Chem. 2010, 122, 4165-4168.

8] C.Han, S. L. Buchwald, J. Am. Chem. Soc. 2009, 131, 7532-7533.
9] B.P. Fors, D. A. Watson, M. R. Biscoe, S. L. Buchwald, J. Am. Chem. Soc.

2008, 7130, 13552-13554.

S. D. McCann, E. C. Reichert, P. L. Arrechea, S. L. Buchwald, J. Am. Chem.
Soc. 2020, 7142, 15027-15037.

K.-F. Zhang, F. Christoffel, O. Baudoin, Angew. Chem. Int. Ed. 2018, 57,
1982-1986; Angew. Chem. 2018, 130, 2000-2004.

T. Ishiyama, N. Miyaura, Pure Appl. Chem. 2006, 78, 1369-1375.

Y. Kuninobu, H. Ida, M. Nishi, M. Kanai, Nat. Chem. 2015, 7, 712-717.

B. Lee, M. T. Mihai, V. Stojalnikova, R. J. Phipps, J. Org. Chem. 2019, 84,
13124-13134.

a) N. A. Romero, K. A. Margrey, N. E. Tay, D. A. Nicewicz, Science 2015,
349, 1326-1330; b) H. J. Davis, M. T. Mihai, R. J. Phipps, J. Am. Chem. Soc.
2016, 138, 12759-12762.

a) T. E. Barder, S. D. Walker, J. R. Martinelli, S. L. Buchwald, J. Am. Chem.
Soc. 2005, 127, 4685-4696; b) A. F. Littke, C. Dai, G. C. Fu, J. Am. Chem.
Soc. 2000, 722, 4020-4028.

P. Luo, M. Kurmoo, Y.-J. Liu, M.-H. Zeng, Org. Lett. 2019, 21, 2885-2889;

N
~

N. C. Bruno, M. T. Tudge, S. L. Buchwald, Chem. Sci. 2013, 4, 916-920.

[27]
c) X. Qiu, M. Wang, Y. Zhao, Z. Shi, Angew. Chem. Int. Ed. 2017, 56, 7233— [28] L. M. Green, D. W. Meek, Organometallics 1989, 8, 659-666.
7237; Angew. Chem. 2017, 129, 7339-7343; d) N.-J. Zhang, W.-T. Ma, J.- [29] X. Meng, X. Li, D. Xu, Tetrahedron: Asymmetry 2009, 20, 1402-1406.
W. Li, Y.-J. Liu, M.-H. Zeng, Asian J. Org. Chem. 2021, 710, 1113-1116. [30] O. Desponds, C. Huynh, M. Schlosser, Synthesis 1998, 1998, 983-985.

)

a) G. Li, J. An, C. Jia, B. Yan, L. Zhong, J. Wang, S. Yang, Org. Lett. 2020,
22, 9450-9455; b) D. Wang, B. Dong, Y. Wang, J. Qian, J. Zhu, Y. Zhao, Z.
Shi, Nat. Commun. 2019, 10, 3539; c) H.-B. Xu, Y.-J. Chen, X.-Y. Chai, J.-H.
Yang, Y.-J. Xu, L. Dong, Org. Lett. 2021, 23, 2052-2056; d) Z.-X. Zhou, J.-
W. Li, L-N. Wang, M. Li, Y.-J. Liu, M.-H. Zeng, Org. Lett. 2021, 23, 2057- Manuscript received: June 4, 2022

2062; e) M. Li, J.-Y. Tao, L-N. Wang, J.-W. Li, Y.-J. Liu, M.-H. Zeng, J. Org. Accepted manuscript online: July 5, 2022
Chem. 2021, 86, 11915-11925; f) Z. Zhang, T. Roisnel, P. H. Dixneuf, J.-F. Version of record online: August 1, 2022

Chem. Eur. J. 2022, 28, €202202074 (9 of 9) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1126/science.1178239
https://doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
https://doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
https://doi.org/10.1039/D0SC02594A
https://doi.org/10.1039/D0SC02594A
https://doi.org/10.1126/science.aat2299
https://doi.org/10.1021/jacs.1c09718
https://doi.org/10.1038/nchem.2741
https://doi.org/10.1126/science.aam9041
https://doi.org/10.1039/D2SC02496A
https://doi.org/10.1039/D2SC02496A
https://doi.org/10.1021/ar200185g
https://doi.org/10.1021/ar200185g
https://doi.org/10.1021/ja5126897
https://doi.org/10.1021/ja5126897
https://doi.org/10.1002/anie.201813452
https://doi.org/10.1002/ange.201813452
https://doi.org/10.1002/anie.201402868
https://doi.org/10.1002/anie.201402868
https://doi.org/10.1002/ange.201402868
https://doi.org/10.1002/anie.201812857
https://doi.org/10.1002/anie.201812857
https://doi.org/10.1002/ange.201812857
https://doi.org/10.1002/anie.201813278
https://doi.org/10.1002/ange.201813278
https://doi.org/10.1002/ange.201813278
https://doi.org/10.1002/adsc.202100283
https://doi.org/10.1002/adsc.202100283
https://doi.org/10.1021/acs.orglett.9b00888
https://doi.org/10.1002/anie.201703354
https://doi.org/10.1002/anie.201703354
https://doi.org/10.1002/ange.201703354
https://doi.org/10.1002/ajoc.202100161
https://doi.org/10.1021/acs.orglett.0c03377
https://doi.org/10.1021/acs.orglett.0c03377
https://doi.org/10.1021/acs.orglett.0c03906
https://doi.org/10.1021/acs.orglett.1c00237
https://doi.org/10.1021/acs.orglett.1c00237
https://doi.org/10.1021/acs.joc.1c01329
https://doi.org/10.1021/acs.joc.1c01329
https://doi.org/10.1002/anie.201906913
https://doi.org/10.1002/ange.201906913
https://doi.org/10.1002/ange.201906913
https://doi.org/10.1021/acs.orglett.9b04590
https://doi.org/10.1021/acs.orglett.9b04590
https://doi.org/10.1021/acs.orglett.0c02023
https://doi.org/10.1021/acs.orglett.0c02023
https://doi.org/10.1002/anie.202003865
https://doi.org/10.1002/anie.202003865
https://doi.org/10.1002/ange.202003865
https://doi.org/10.1039/C8CC02821D
https://doi.org/10.1039/C8CC02821D
https://doi.org/10.1002/chem.200800318
https://doi.org/10.1002/chem.200800318
https://doi.org/10.1039/C6OB01675H
https://doi.org/10.1021/ja035483w
https://doi.org/10.1021/ja035483w
https://doi.org/10.1021/ol0514754
https://doi.org/10.1002/anie.201000526
https://doi.org/10.1002/anie.201000526
https://doi.org/10.1002/ange.201000526
https://doi.org/10.1021/ja902046m
https://doi.org/10.1021/ja8055358
https://doi.org/10.1021/ja8055358
https://doi.org/10.1021/jacs.0c06139
https://doi.org/10.1021/jacs.0c06139
https://doi.org/10.1002/anie.201711990
https://doi.org/10.1002/anie.201711990
https://doi.org/10.1002/ange.201711990
https://doi.org/10.1351/pac200678071369
https://doi.org/10.1038/nchem.2322
https://doi.org/10.1021/acs.joc.9b00878
https://doi.org/10.1021/acs.joc.9b00878
https://doi.org/10.1126/science.aac9895
https://doi.org/10.1126/science.aac9895
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1021/ja042491j
https://doi.org/10.1021/ja042491j
https://doi.org/10.1021/ja0002058
https://doi.org/10.1021/ja0002058
https://doi.org/10.1039/C2SC20903A
https://doi.org/10.1021/om00105a013
https://doi.org/10.1016/j.tetasy.2009.05.020

