Open Access Article. Published on 17 April 2023. Downloaded on 1/24/2026 12:40:21 AM.

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

(cc)

Dalton
Transactions

W) Check for updates

Cite this: Dalton Trans., 2023, 52,
6494

Saral Baweja,

Tom Gabler,

™ COYAL SOCIETY
ap OF CHEMISTRY

Metal phosphine aldehyde complexes and their
application in Cu-free Sonogashira and
Suzuki—Miyaura cross-coupling reactionsy}

Peter Lonnecke & and Evamarie Hey-Hawkins (= *

Transition metal coordination chemistry and catalysis are rife with phosphine ligands. One of the rather

less studied members of the phosphine ligand family are phosphine aldehydes. We have synthesised 3-
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Introduction

In both extensive industrial processes and scientific research,
homogeneous catalysis frequently employs phosphine ligands
in a variety of significant reactions." Phosphines containing
additional O-functionalities constitute a versatile class of
ligands that has been extensively studied and utilised for appli-
cations in catalysis.> One such class of ligands are phosphine
aldehydes, in which an aldehyde moiety and a phosphanyl
group are connected by a carbon backbone. When used as a
ligand, phosphine aldehydes have three possible binding
modes: The monodentate k'-P coordination mode, the biden-
tate P,0-chelate or k*-P,0 coordination, in which complexation
of the metal ion occurs via the phosphine and the oxygen
atom through ¢ bonds, and the x'-P,x>-CO coordination, invol-
ving the = bond of the carbonyl group. Furthermore, chelate-
assisted oxidative addition of the C-H bond of the aldehyde
group can occur with formation of a metal-acyl hydride
complex (k'-P,k"-Cyey1).?

As phosphine aldehydes are generally very air-sensitive oils,
their use in synthetic chemistry is limited.* One of the more
studied, commercially available and air-stable member of this
class of ligands is 2-(diphenylphosphino)benzaldehyde which
has been used to synthesise various complexes in different
binding modes with a variety of transition metals in different
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(diphenylphosphino)propanal (PCHO) with a slight modification of the known procedure and studied its
complexation behaviour with palladium(i) and platinum(i). The catalytic activity of the palladium(i) phos-
phine aldehyde complexes was investigated in Cu-free Sonogashira and Suzuki—Miyaura cross-coupling
reactions. Furthermore, the homogeneous nature of the catalytically active species was confirmed.

oxidation states.” Examples of other reported phosphine alde-
hydes are 2-(dicyclohexylphosphino)acetaldehyde® and 3-
(diphenylphosphino)propanal (PCHO).® Established synthetic
routes include the reaction of the acetal-protected Grignard
reagent with diarylchlorophosphine,” the reaction of lithium
diphenylphosphanide with acetal-protected halo-substituted
aldehydes,® hydrophosphination of aldehydes containing olefi-
nic bonds® and from cyclic phosphonium salts.®

Phosphine aldehydes have been mainly employed as precur-
sors for the synthesis of phosphine-imine ligands. Due to the
presence of an aldehyde group which can easily react with
various amines and hydrazines in condensation reactions, a
plethora of bi-, tri-, and tetradentate ligands can be formed,
especially for 2-(diphenylphosphino)benzaldehyde.” These
ligands have been used for the synthesis of a multitude of cata-
Iytically active complexes. The Morris lab reported the syn-
thesis of Fe/P,N,N,P complexes via a template-directed conden-
sation of an a-phosphinoacetaldehyde with suitable chiral
amines and showed their high catalytic activity for asymmetric
transfer hydrogenation of ketones and imines."® We have pre-
viously reported the synthesis of heteroditopic ligands syn-
thesised by condensation of pyridine aldehyde and different
phosphine aldehydes with a dihydrazine moiety.'""? These
heteroditopic ligands were employed for the formation of
various heterobimetallic complexes. We have shown that the
Pd/Co heterobimetallic complex was catalytically active for a
two-step one-pot sequential Cu-free Sonogashira cross-coup-
ling reaction followed by semi transfer-hydrogenation to give
Z-arylalkenes.""

However, metal phosphine aldehyde complexes have not
been investigated in-depth especially in comparison to other
phosphine ligand families.* Only a few studies on the catalytic
activity of Pd,"® Rh' and Ru'® complexes exist in literature.

This journal is © The Royal Society of Chemistry 2023
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Herein, we report the synthesis of palladium(u) and platinum(u)
complexes with PCHO and the catalytic activity of well-
defined palladium(u) phosphine aldehyde pre-catalysts for
copper-free Sonogashira and Suzuki-Miyaura cross-coupling
reactions.

Results and discussion

3-(Diphenylphosphino)propanal (PCHO) was synthesised fol-
lowing a modified procedure by Vaughn and Gladysz which
utilises the reaction of lithium diphenylphosphanide with
acetal-protected 3-bromopropanal.® Due to the air-sensitivity of
PCHO, the reaction as well as the subsequent work-up and
purification was carried out under nitrogen atmosphere.
PCHO was isolated as an off-white oil after performing column
chromatography with dried degassed silica and degassed
solvent under an inert atmosphere. The fractions were col-
lected in Schlenk flasks under nitrogen flow. Due to the main-
tenance of an inert environment, the yield was improved to
57% in comparison to the previously reported 33%
(Scheme 1). For further experiments, PCHO was stored as a 0.1
M solution in n-hexane at —20 °C.

The reaction of [PdCl,(COD)] (COD = 1,5-cyclooctadiene)
with one equivalent of PCHO resulted in the displacement of
COD and formation of trans-[{PdCl(u-Cl)(PCHO-xP)},] (1)
(Scheme 2). The *'P{'"H} NMR spectrum contains a singlet at
31.4 ppm which is shifted downfield from —-16.1 ppm for
PCHO. The characteristic signal of the aldehyde proton in the
"H NMR spectrum at 9.54 ppm (in comparison to 9.67 ppm for
PCHO) confirms the monodentate coordination via
phosphorus.

By vapour diffusion of Et,O into a toluene solution of 1,
bright orange crystals were obtained that were suitable for
single-crystal X-ray diffraction (XRD). The molecular structure
shows a dinuclear Pd complex with two bridging chlorido
ligands and a trans arrangement of the two monodentate phos-
phine ligands (Fig. 1). The Pd atoms have a square-planar geo-
metry, and only a small deviation from the predicted value of
90° is observed between the angles of adjacent ligands. The
Pd-CI2’ bond trans to the phosphorus atom is slightly longer
(11(1) pm) than the Pd-Cl2 bond cis to the phosphorus atom.
This may be explained by the trans effect of the phosphorus
ligands.

1) 3.1 equiv. Li, THF, 12 h, rt
2) 1.1 equiv. CICH,CH,CH(OEt),,
-78°C, 15mintort, 3h

P.
3) acetone, water, CF3COOH, reflux, 23 h ~~">cHo
4) inert extraction (CH,Cl, - water/brine)

)

5) inert silica gel column (9:1, n-hexane:EA

P.
©/ c

Scheme 1 Modified
(PCHO).

PCHO
57%

synthesis of 3-(diphenylphosphino)propanal
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L = = -
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Ph, CI
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OHC/\/P\P(P\/\C'-'O
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2.0 equiv. PCHO
[PtCl,(COD)] 4 (79%)
toluene, rt, 1 h
+
OHC\/\P/Pt/ \/\CHO
Ph, Cl
3 (6%)

Scheme 2 Synthesis of complexes 1, 2, 3 and 4.

structure of
Hydrogen atoms are omitted for clarity, phenyl rings are drawn as wire-
frames; thermal ellipsoids are set at the 50% probability level. The mole-
cule is located on an inversion centre.

Fig. 1 Molecular trans-[{PdCl(u-Cl)(PCHO-kP)},] (1).

When the same reaction is performed with two equivalents
of PCHO, a yellow compound is formed. The HR-ESI(+) mass
spectrum showed the base peak at m/z 625.044 which corres-
ponds to [PACI(PCHO),]" and indicates the formation of the
expected 1:2 complex 2. In the *'P{'H} NMR spectrum a
singlet is observed at 16.3 ppm which indicates the formation
of one of the two possible isomers, cis and ¢rans, only. As in 1,
a singlet at 9.64 ppm for the aldehyde proton in the "H HMR
spectrum also suggest formation of a monodentate phosphine
complex. Yellow crystals were obtained after slow vapour
diffusion of Et,O into a toluene solution of 2. The molecular
structure shows an almost perfect square-planar geometry of
the Pd centre with a trans orientation of the ligands (Fig. 2).
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Fig. 2 Molecular structure of trans-[PdCl,(PCHO-kP),] (2). Hydrogen
atoms are omitted for clarity, phenyl rings are drawn as wireframes;
thermal ellipsoids are set at the 50% probability level. The molecule is
located on an inversion centre. Complex 3 is isostructural (Fig. S26-a,
ESI).

Both 1 and 2 are air-stable complexes and can be stored at
room temperature.

In an attempt to prepare the corresponding platinum(u)
complexes, a 1:1 reaction was conducted with [PtCl,(COD)]
and PCHO. A colourless crystalline powder was isolated in a
low yield of 42% and unreacted [PtCl,(COD)] was recovered.
The *'P{"H} NMR spectrum showed a singlet at 7.5 ppm with
199pt satellites (YJppe 3646 Hz). These observations point
towards the formation of a 1:2 complex, [PtCl,(PCHO-kP),].
When the reaction was performed in a 1 :2 ratio (metal precur-
sor to ligand), two singlets (ratio 9 : 1) both showing '°Pt satel-
lites were observed in the *'P{'"H} NMR spectrum; the major
one is centred at 7.5 ppm (‘/p,pc 3646 Hz) and the minor one at
12.4 ppm (Y/pp; 2561 Hz). The major product can be assigned
to the cis isomer (4), as the cis isomers of platinum complexes
of the type [PtX,(PRR'R"),] (R, R’, R” = any organic substituent)
generally exhibit larger coupling constants than their trans
counterparts.”® Suitable single crystals for XRD were obtained
from slow vapour diffusion of n-pentane into a toluene solu-
tion of [PtCl,(PCHO-kP),]. The molecular structure confirmed
the formation of the cis isomer (Fig. 3). The trans isomer was
isolated from the ethereal washing solution of the reaction
between PCHO and [PtCl,(COD)] (1:2 ratio). Single crystals
suitable for X-ray diffraction were obtained by slow evaporation
of diethyl ether from the ethereal washing solution. The mole-
cular structure (Fig. S26-a, ESI{) revealed that 3 is isostructural
to the corresponding Pd complex 2.

Fig. 3 Molecular structure of cis-[PtCl,(PCHO-xP),] (4). Hydrogen
atoms are omitted for clarity, phenyl rings are drawn as wireframes;
thermal ellipsoids are set at the 50% probability level.
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The calculated single point energies of the trans and cis
isomers 3 and 4 at the PBEO BJ3/ZORA-def2-TZVPP level of
theory incorporating the conductor-like polarisable solvent
model (CPCM, toluene as the solvent) indicated a slightly
higher stability of the cis isomer (E = —13780284.4 kcal mol ™)
over the trans configuration (E = —13780278.3 kcal mol ™), sup-
porting the preferred formation of cis-[PtCl,(PCHO-«P),] (4)
(for details see ESI, chapter 51).

Since palladium catalysts are the backbone of various cross-
coupling reactions, only 1 and 2 were tested in Sonogashira
and Suzuki-Miyaura cross-coupling reactions. For the
Sonogashira cross-coupling reaction, a condition scan was per-
formed using bromobenzene and phenylacetylene as sub-
strates (Table 1). The catalysis worked efficiently under a Cu-
free regime. A variety of bases and solvents was screened with
1 and 2 as pre-catalysts. In all cases, 2 gave better yields than
1. Furthermore, the catalysis worked better in the presence of
less polar solvents like toluene and 1,4-dioxane (Table 1,
entries 2 and 4, GC-MS yields for diphenylacetylene of 94 and
99%). With DMF as solvent and 2 as a catalyst, an appreciable
yield of 87% was observed (Table 1, entry 6), not observed for
other polar solvents like MeCN and EtOH (Table 1, entries 5
and 7). Replacing DBU with cheaper and safer bases, such as
TMG (1,1,3,3-tetramethylguanidine) in toluene, resulted in good
yields (Table 1, entry 8). Using NEt; or K,COj; as bases resulted
in low yields (Table 1, entries 10 and 11), and using
[PACl,(COD)] as a pre-catalyst resulted in only 4% yield employ-
ing optimised conditions (Table 1, entry 13). When the reaction
was conducted with trans-[PdCl,(PPh,nBu),] as pre-catalyst,
similar yields as in the reaction catalysed by 2 were observed
indicating no significant effect of the aldehyde functionality in

Table 1 Optimisation of reaction condition for the Cu-free
Sonogashira cross-coupling reaction
Base (1. iv.
©/// Br 1 or(;(gsnfgll‘%) O
O T o
Solvent (1 mL) O
4h,100°C
1.1 equiv. 1.0 equiv.
Entry Base Solvent Pre-catalyst Yield* (%)
1 DBU Toluene 1 69
2 DBU Toluene 2 94
3 DBU 1,4-Dioxane 1 78
4 DBU 1,4-Dioxane 2 99
5 DBU CH;CN 2 74
6 DBU DMF 2 87
7 DBU EtOH 2 47
8 T™MG Toluene 2 82
9 T™MG 1,4-Dioxane 2 73
10 K,CO; Toluene 2 9
11 NEt3 Toluene 2 2
120 DBU 1,4-Dioxane 2 2
13 DBU 1,4-Dioxane  [PdCl,(COD)] 4
14 DBU 1,4-Dioxane  trans-[PdCl,(PPh,nBu),] 99

“Yields were determined by GC-MS with naphthalene as internal stan-
dard. ? Reaction performed in air.

This journal is © The Royal Society of Chemistry 2023
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the Sonogashira reaction under the tested reaction conditions
(Table 1, entry 14 vs. entry 4). Furthermore, the reactions must
be performed under a nitrogen atmosphere as no diphenylacety-
lene is formed in air (Table 1, entry 12 vs. entry 4).

The palladium complexes were also tested in Suzuki-
Miyaura cross-coupling reactions. Bromobenzene and p-tolyl-
boronic acid were used as model substrates for the reaction to
synthesise 4-methyl-1,1"-biphenyl (Table 2). While performing
a solvent scan with TMG as base, 2 proved to be a better cata-
lyst than 1 in almost all cases. The reaction worked best in
toluene with a moderate yield of 57% (Table 2, entry 2).
Different bases such as DBU, DABCO (1,4-diazabicyclo[2.2.2]
octane) and NEt; in toluene resulted in lower yields (Table 2,
entries 4, 5 and 9). Using 1.5 equiv. of p-tolylboronic acid
(instead of 1.2 equiv.) in toluene with TMG as a base and 2 as
pre-catalyst gave yields up to 84% (Table 2, entry 10). For com-
parison, when the reaction was conducted under the same con-
ditions replacing 2 with [PdCl,(COD)] as the pre-catalyst a yield
of only 50% was obtained (Table 2, entry 12). When the reaction
is conducted with [PdCl,(PPh,nBu),] as the pre-catalyst a yield
of 28% is observed in comparison to 84% with 2 as pre-catalyst
indicating a positive effect of the aldehyde functionality in the
catalytic reaction (Table 2, entry 13 vs. entry 10).

For the Sonogashira and Suzuki-Miyaura cross-coupling
reaction, the respective products diphenylacetylene and
4-methyl-1,1-biphenyl were isolated by column chromato-
graphy with yields of 92% (for entry 4 in Table 1) and 79% (for
entry 10 in Table 2), respectively (see ESI, chapter 31).

Last but not least, the nature of the catalyst was investi-
gated. Initially, mercury poisoning studies were performed to
decipher whether the catalyst is homogeneous or hetero-
geneous. The mercury test for both coupling reactions with 2
as a pre-catalyst showed a lowering of catalytic activity after

Table 2 Optimisation of the reaction condition for the Suzuki—Miyaura
cross-coupling reaction

B(OH), Br
JO A

Base (1.25 equiv.)
1 or 2 (5 mol%)

Solvent (1 mL)

5h, 100 °C
1.2 equiv. 1.0 equiv.

Entry  Base Solvent Pre-catalyst Yield® (%)
1 T™MG Toluene 1 47
2 TMG Toluene 2 57
3 DBU Toluene 1 8
4 DBU Toluene 2 7
5 DABCO Toluene 2 2
6 DBU DMF 2 5
7 ™G DMF 2 10
8 ™G MeCN 2 22
9 NEt; Toluene 2 14
107 TMG Toluene 2 84
11°¢ TMG Toluene 2 6
12° T™MG Toluene  [PdCl,(COD)] 50
13 TMG Toluene  trans-[PdCl,(PPh,nBu),] 28

Y1e1d was determined by GC-MS with naphthalene as internal stan-
dard. ? 1.5 equiv. p-tolylboronic acid. ° Reaction performed in air.

This journal is © The Royal Society of Chemistry 2023
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mercury was added. This could have been due to the hetero-
geneous nature of the catalyst, but a loss of catalytic activity
could also be attributed to a reaction of Hg with palladium(u)
complexes."® Therefore, a reaction of 2 with Hg was performed
in deuterated toluene. Multiple signals were observed in the
3'p{'H} NMR spectrum, implying that the Hg test is not
reliable, as the pre-catalyst obviously already reacts with Hg to
give multiple products. Crabtree’s test'” was performed, but a
false positive was observed, as no reaction occurred when 2
and DCT (dibenzo[a,e]cyclooctatetraene) were heated in
toluene-dg. Finally, Maitlis’ test'® was performed, wherein the
hot reaction mixture was filtered after half the completion
time (2 hours for Sonogashira and 2.5 hours for Suzuki-
Miyaura cross-coupling reaction) over a tightly packed Celite
column. Fresh substrates, base, and solvent were then added
to the filtrate and the mixture was heated at 100 °C for 4 hours
for the Sonogashira reaction and 5 hours for the Suzuki-
Miyaura cross-coupling reaction. Catalytic activity was retained
and yields increased by 98% and 62% for Sonogashira and
Suzuki-Miyaura cross-coupling reactions, respectively, in com-
parison to the half-time yields, indicating the homogeneous
nature of the catalyst (see ESI, chapter 4%).

Conclusions

In summary, we have reported the synthesis of palladium(u)
and platinum(u) complexes with 3-(diphenylphosphino)propa-
nal (PCHO). The synthetic route for the phosphine aldehyde
was improved. Out of the various possible binding modes, it
was seen that the complexation of the phosphine aldehyde
with palladium(n) and platinum(u) has led to the formation of
the «'-P complex. These complexes exhibit an almost perfect
square planar geometry. The air-stable palladium complexes
were then studied for their catalytic activity for two cross-coup-
ling reactions, namely Sonogashira and Suzuki-Miyaura cross-
coupling. For the Sonogashira reaction, it was observed that the
reaction works under a Cu-free regime. For all tested conditions,
2 outperformed 1. In comparison to 2, when the reaction was
conducted with trans-[PdCl,(PPh,nBu),] as pre-catalyst similar
yields were obtained for the Sonogashira reaction, whereas a
three-fold increase in yield is observed in case of the Suzuki
cross-coupling reaction, showing a positive effect of the alde-
hyde functionality. Also, various tests were performed to under-
stand whether the catalysis is homogeneous or heterogeneous.
With a positive Maitlis’ test, it was concluded the (pre-)catalyst 2
is homogeneous. The synthesis and catalytic activity of these
phosphine aldehyde complexes shed some light on the poten-
tial of these less-explored phosphine ligands.

Experimental
General information

All reactions were conducted under nitrogen atmosphere in
the absence of air and water using standard Schlenk tech-

Dalton Trans., 2023, 52, 6494-6500 | 6497
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niques. Solvents (Et,O, dichloromethane, toluene, and
n-hexane) were obtained from an MBraun Solvent Purification
System (MB SPS-800). Dichloromethane and diethyl ether were
stored on activated 4 A molecular sieves, and n-hexane and
toluene were stored over a potassium mirror. THF was distilled
from sodium/benzophenone and stored over activated 4 A mole-
cular sieves, and MeCN was distilled from P,05 and stored over
3 A molecular sieves. PPh,Cl was obtained from Sigma Aldrich
and distilled prior to use. 3-Chloro-1,1-diethoxypropane and
[PAC,(COD)] were obtained from Sigma Aldrich and used as
received. Dichlorido(1,5-cyclooctadiene)platinum(u) was syn-
thesised from potassium tetrachloridoplatinate(n) according to
the literature."® trans[PdCl,(PPh,nBu),] was synthesised accord-
ing to literature®® (for details see ESI, chapter 6}). All NMR
spectra were recorded on a BRUKER Avance III HD 400 MHz
NMR spectrometer at 25 °C (*H 400.13 MHz, *C 100.63 MHz,
and *'P 162.02 MHz, two-dimensional (‘"H-'H COSY, 'H-'H
NOESY, 'H-"*C HSQC, 'H-">C HMBC). The chemical shifts &
are reported in parts per million (ppm). Tetramethylsilane
(TMS) was used as the internal reference in 'H and *C NMR
spectra, all other nuclei spectra were referenced to TMS using
the = scale.”’ The numbering scheme of all compounds is given
in the ESI, chapter 1.} Electrospray ionisation mass spec-
trometry was carried out with an ESI-qTOF Impact II by Bruker
Daltonics GmbH in positive ion mode. IR spectra were obtained
with an FT-IR spectrometer Nicolet iS5 (ATR, Transmission,
Thermo Fisher Scientific) scanning between 4000-400 cm ™
with a KBr beam splitter. Elemental analyses (C, H, and N) were
performed with a Heraeus VARIO EL microanalyser. GC-MS data
were measured with a GC-MS system GCMS-QP2010 PLUS by
SHIMADZU. The GC was equipped with an Rtx®-5MS CB
column (30 m x 0.25 mm x 0.25 pm) manufactured by RESTEK.
The oven temperature was 50 °C and the injection temperature
was 200 °C. The purge flow was 0.5 mL min~", and the GC-MS
was run with helium. The temperature programme was run
starting at 50 °C with a rate of 5 °C min™" up to 200 °C. The ion
source and interface temperature were 200 °C. The MS was used
in scan mode. Naphthalene was used as an internal standard.

Single crystal X-ray diffractometry

The data were collected on a Gemini diffractometer (Rigaku
Oxford Diffraction) using Mo-Ka radiation (1 = 71.073 pm) and
w-scan rotation. Data reduction was performed with
CrysAlisPro® including the program SCALE3 ABSPACK for
empirical absorption correction. The structures were solved by
dual-space methods with SHELXT-2018 ** and the refinement
was performed with SHELXL-2018.>* Anisotropic refinement of
all non-hydrogen atoms. Hydrogen atoms for 1 and 4 were cal-
culated on idealised positions using the riding model, whereas
for 2 and 3 a difference-density Fourier map was used to locate
hydrogen atoms. Structure figures were generated with
DIAMOND-4.%*

Synthesis of ligand and complexes

3-(Diphenylphosphino)propanal (PCHO). A 500 mL Schlenk
flask was charged with Li wire (0.45 g, 65.0 mmol, 3.1 eq.),
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THF (100 mL) and chlorodiphenylphosphine (4.0 mL,
22.0 mmol, 1.0 equiv.). The reaction mixture was stirred for
12 h and excess Li was removed from the deep orange-red solu-
tion. The solution was cooled to —78 °C and 3-chloro-1,1-
diethoxypropane (4.1 mL, 25.0 mmol, 1.1 eq.) was added. The
solution was stirred at —78 °C for 15 min and was then allowed
to warm up slowly to room temperature. After 3 h, the solvents
were removed by evaporation under reduced pressure. The
residue was treated with acetone (100 mL) and water (16 mL)
and trifluoroacetic acid was added until the reaction mixture
was acidic (monitored using pH paper). Then, the solution was
refluxed for 23 h. After reflux, the solvents were removed.
Degassed CH,Cl, was added to the oily residue, and extraction
with degasses aqueous KHCO; and then degassed saturated
aqueous NaCl solution was performed. The organic layer was
passed over a short column of anhydrous K,CO;. The solvent
was reduced under reduced pressure and charged on top of a
silica gel column under nitrogen atmosphere which had been
packed with degassed n-hexane/ethyl acetate (9:1). The
column was eluted with n-hexane/ethyl acetate (9:1). The sol-
vents were removed and the product was isolated as air- and
temperature-sensitive off-white oil and stored as a 0.1 M solu-
tion in n-hexane at —20 °C. Yield: 3.04 g (57%). 'H NMR
(400 MHz, CDsCN) § = 9.67 (s, 1H, H3), 7.46-7.36 (m, 10H,
H2', H3', H4'), 2.51-2.45 (m, 2H, H2), 2.33-2.29 (m, 2H, H1).
Bc{'H} NMR (101 MHz, CD;CN) § = 202.5 (d, *Jcp = 12.4 Hz,
€3), 139.2 (d, Yep = 13.4 Hz, C1'), 133.5 (d, YJop = 19.0 Hz,
C2'), 129.9 (C4'), 129.6 (d, *Jop = 6.7 Hz, C3'), 40.6 (d, YJcp =
16.9 Hz, C2), 20.1 (d, YJcp = 11.6 Hz, C1). *'P{'H} NMR
(162 MHz, CD;CN) § = —16.1. HRMS (ESI(+), CH;CN): m/z
caled for [M + H]': 243.0933; found: 243.0943.

trans-[{PdCl(p-Cl)(PCHO-kP)},] (1). [PdCL,(COD)] (29.5 mg,
0.1 mmol, 1.0 equiv.) was suspended in toluene (3 mL) and a
solution of PCHO (25.0 mg, 0.1 mmol, 1.0 equiv.) in toluene
(3 mL) was added dropwise. The mixture was stirred for 12 h at
room temperature and then concentrated in vacuo. Et,O
(10 mL) was added to precipitate the product as an orange-red
solid, which was then isolated by filtration, washed with Et,O
(3 x 5 mL) and dried in vacuum to obtain 1. Deep orange
single crystals suitable for single-crystal X-ray diffraction were
obtained by slow diffusion of Et,O into a toluene solution of 1.
Yield: 72.5 mg (84%). Elemental analysis: C3oH30Cl,0,P,Pd,,
calculated (%): C 42.94, H 3.60; found (%): C 42.63, H 3.53.
Selected ATR-IR: 7 (ecm™') = 1718 (s, vC=0). 'H NMR
(400 MHz, CD,Cl,) 6 (ppm) = 9.54 (s, 2H, H3), 7.71-7.54 (m,
8H, H2'), 7.53-7.51 (m, 4H, H4'), 7.44-7.41 (m, 8H, H3'),
2.74-2.68 (m, 4H, H2), 2.58-2.51 (m, 4H, H1); *C{'"H} NMR
(101 MHz, CD,Cl,) 6 (ppm) = 198.3 (d, */cp = 15.9 Hz, C3),
133.3 (d, *Jop = 10.0 Hz, C2'), 132.2 (s, C4), 129.1 (d, YJcp =
11.6 Hz, C3'), 127.2 (d, Y p = 58.3 Hz, C1'), 38.3 (s, C2), 20.1
(d, Yep = 40.2 Hz, C1); *'P{'"H} NMR (162 MHz, CD,Cl,) §
(ppm) = 31.4. HRMS (ESI(+), CH3CN): m/z calculated for [M —
Cl]": 802.886; found: 802.886.

trans{PdCl,(PCHO-kP),] (2). [PdCl,(COD)] (20.3 mg,
0.07 mmol, 1.0 equiv.) was suspended in toluene (3 mL) and a
solution of PCHO (34.5 mg, 0.14 mmol, 2.0 equiv.) in toluene

This journal is © The Royal Society of Chemistry 2023
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(3 mL) was slowly added dropwise. The mixture was stirred for
12 h at room temperature and then concentrated in vacuo to
1 mL. The crude residue was washed with Et,O (3 x 5 mL) and
dried in vacuum to obtain complex 2. Yellow single crystals suit-
able for single-crystal X-ray diffraction were obtained by slow
diffusion of Et,O into a toluene solution of 2. Yield: 37.1 mg
(79%). Elemental analysis: C3oH3z0Cl,0,P,Pd, calculated (%): C
54.44, H 4.57; found (%): C 54.10, H 4.55. Selected ATR-IR: U
(em™) = 1710 (s, ©C=0). "H NMR (400 MHz, CDCl;) § (ppm) =
9.64 (s, 2H, H3), 7.75-7.70 (m, 8H, H2'), 7.50-7.40 (m, 12H, H3'
and H4'), 2.72-2.70 (s, 8H, H1 and H2). *C{'"H} NMR (101 MHz,
CDCl;) 6 (ppm) = 199.8 (s, C3), 133.8 (m, C2'), 131.1 (s, C4'),
129.6 (m, C1'), 128.8 (m, C4'), 38.9 (s, C2), 18.6 (s, C1). *'P{'"H}
NMR (162 MHz, CDCl;) & (ppm) = 16.3. HRMS (ESI(+), CH;CN):
m/z calculated for [M — CI]": 625.054; found: 625.044.

trans-[PtCl,(PCHO-P),] (3) and cis{PtCl,(PCHO-kP),] (4).
[PtCl,(COD)] (36.3 mg, 0.1 mmol, 1.0 equiv.) was suspended in
toluene (3 mL) and a solution of PCHO (47.0 mg, 0.2 mmol,
2.0 equiv.) in toluene (6 mL) was added dropwise. The mixture
was stirred for 1 hour at room temperature and then concen-
trated in vacuo to 1 mL. The crude residue was washed with
Et,0O (3 x 5 mL). Removal of solvent from the ethereal washing
solution gave trans-[PtCl,(PCHO-kP),] (3) as an off-white pre-
cipitate (4.4 mg, 6%; only characterised by NMR spectroscopy.
See ESI, chapter 1f). The white residue left behind after
washing was dried under vacuum to obtain complex 4
(57.4 mg, 79%). 4 is also formed by equimolar reaction of PCHO
with [PtCl,(COD)] with lower yield (42%). White single crystals
suitable for single-crystal X-ray diffraction were obtained by slow
diffusion of n-pentane into a toluene solution of 4. Elemental
analysis: C3oH3oCL,O,P,Pt, calculated (%): C 48.01, H 4.03;
found (%): C 47.85, H 3.99. HRMS (ESI(+), CH3CN): m/z calcu-
lated for [M — 2Cl — HJ]: 678.129; found: 678.131. Selected
ATR-IR: & (cm™") = 1714 (s, 1C=0). "H NMR (400 MHz, CDCl;) &
(ppm) = 9.52 (s, 2H, H3), 7.53-7.41 (m, 12H, C2' and C4'),
7.32-7.25 (m, 8H, C3'), 2.93-2.87 (m, 4H, C2), 2.69-2.62 (m, 4H,
C1). C{'"H} NMR (101 MHz, CDCl;) § (ppm) = 199.2 (m, C3),
133.3 (m, C2'), 131.5 (s, C4’), 128.7 (m, C1’ and C3'), 38.9 (s, C2),
23.2 (m, C1). *'P{"H} NMR (162 MHz, CDCl;) & (ppm) = 7.5 (s +
Pt satellites, 'Jp p. = 3646 Hz).

General screening procedure for the Cu-free Sonogashira
cross-coupling reaction

A mixture of bromobenzene (0.125 mmol, 1.0 equiv.), phenyl-
acetylene (0.137 mmol, 1.1 equiv.), base (0.156 mmol, 1.25
equiv.), pre-catalyst (0.003 mmol Pd, 5 mol% Pd) and dry,
degassed solvent (1.0 mL) was heated under nitrogen atmosphere
for 4 h. The reaction process was monitored by GC-MS. The yields
have been determined by GC-MS using naphthalene as internal
standard (10 pL of the reaction solution have been diluted with
1.000 mL of a naphthalene stock solution in acetone).

General screening procedure for the Suzuki-Miyaura cross-
coupling reaction

A mixture of bromobenzene (0.125 mmol, 1.0 equiv.), p-tolyl-
boronic acid (0.15 mmol, 1.5 equiv.), base (0.156 mmol, 1.25
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equiv.), pre-catalyst (0.003 mmol, 5 mol%) and dry, degassed
solvent (1.0 mL) were heated under nitrogen atmosphere for
5 h. The reaction process was monitored by GC-MS. The yields
have been determined by GC-MS using naphthalene as
internal standard (10 pL of the reaction solution have been
diluted with 1.000 mL of a naphthalene stock solution in
acetone).
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