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Modification of the ligand backbone by introducing spacer groups alters the coordination and catalytic
properties of phosphine donors. This contribution describes the synthesis of five hybrid phosphinoferro-
cene ligands bearing heterocyclic pendant substituents, R,PfcCH,X, where R/X = Ph/2-thienyl (1), Cy/
2-thienyl (2), Ph/3-thienyl (3), Ph/5-thiazolyl (4), and Ph/2-thiazolyl (5; fc = ferrocene-1,1'-diyl, Cy =
cyclohexyl). The coordination properties of these flexible donors were examined in Pd(i) complexes. At a
1:2 Pd-to-ligand ratio, the reactions with a PdCl, source uniformly gave bis(phosphine) complexes
[PACLy(L-xP),] (L = 1-5). Upon reducing the ligand amount to 1 molar equiv., similar reactions afforded
dimers [PACl(u-Cl)(L-xP)], for 1-3, the ligand-bridged dimer [(un(P,N)-4)PdCl,],, and the chelate complex

Received 16th September 2025, [PACLy(5-k?P.N)]. The latter compound was evaluated in the Suzuki—Miyaura-type cross-coupling of aroyl
Accepted 16th October 2025

DOI: 10.1039/d5dt02216a

chlorides with arylboronic acids, where it outperformed the benchmark catalyst [PdCLy(dppf-x2P,P)]. The
reaction was further used to prepare 3-(trifluoromethyl)benzophenone, which was converted to the drug
rsc.li/dalton flumecinol.

Introduction NHC(S)NR,)"” and guanidium salts (Y = NHC(NH)
NH,-HCI)'®' as well as a pyridine derivative (Y =

Insertion of a flexible linker changes the steric and electronic ~ 2-pyridyl).>>*' Other compounds relevant to the present

properties of phosphine ligands and can thus alter their research are phosphinoferrocene imidazoles and benzimida-

coordination behaviour. In the chemistry of ferrocene phos-

phines," this was exemplified by the preparation of 1,1"-bis

[(diphenylphosphino)methyl]ferrocene (A in Scheme 1)>* as a

PPh PPh
homologue of the prototypical ferrocene ligand, 1,1-bis(diphe- =" =" ©/\PPh2
nylphosphino)ferrocene (dppf).*® In reactions with PdCl, éi)\ {Fd;;\/pph2 é‘e}\/Pphz
P ' PPh,

sources, compound A produced a dimeric complex [(u(P,P')-A) doof B A
PdCl,], ** rather than a chelate species, which is obtained from o
dppf (viz., [PACL,(dppf-<*P,P)]).° . =" = PN S e,

In our research, we focused on a desymmetrised compound (FE — CFE con and (FE
containing only one methylene spacer, bisphosphine B Q\COZH L0 Q\COZH
(Scheme 1),” and analogues with various phosphine substitu- Hdpf c D
ents.® Even these semihomologous ligands showed coordi- PPh, PPh,
nation properties different from those of rigid dppf (e.g, in Fe — e
reactions with fi Pdplz source, they ga.ve rise to mixtures of @\Y >
chelate and dimeric complexes). This led us to prepare E
additional semihomologous functional ferrocene phosphines.

This work

Representative examples include the isomeric phosphinoferro-
cene carboxylic acids C and D,”'° phosphinoferrocene ether < PRe < PPh < PPh < PPhe

I I FEN T
and thioether (type E, Y = OMe'"*? and SMe'*'%), sulfones (Y Fe N Fe s Fe SN Fe SN
_ 15 (typ _ 16 _ ) [ @ \ s D = @\)§/ @)\;\?
= SO,R™), amines (Y = NR,),"® ureas (Y = NHC(O)NR, and
4 5

1 (R=Ph) 3
2 (R=Cy)
Department of Inorganic Chemistry, Faculty of Science, Charles University, Scheme 1 (Top) Examples of homologated ferrocene ligands and
Hlavova 2030, 128 00 Prague, Czech Republic. E-mail: stepnic@natur.cuni.cz (bottom) the newly prepared compounds 1-5 (Cy = cyclohexyl).
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zoles (E, Y = N-(benz)imidazolyl), which served as an entry to
unique P-chelating phosphinoferrocene carbene complexes.>*
Building upon this work, we now focus on related compounds
containing S- and S,N-heterocyclic groups 1-5. In particular,
we describe the synthesis of these new heteroditopic com-
pounds, their coordination behaviour towards Pd(i), and the
application of the prepared complexes in Pd-catalysed Suzuki-
Miyaura cross-coupling of arylboronic acids with benzoyl
chlorides to give benzophenones.

Results and discussion
Synthesis of thiophene derivatives

Our first experiments focused on the synthesis of compounds
equipped with thienyl substituents from precursors with a pre-
installed phosphine moiety (Scheme 2). The standard lithia-
tion”® of 1'-(diphenylphosphino)-1-bromoferrocene (6) with
n-butyllithium, followed by the addition of 2-formylthiophene
(2-ThCHO), produced (after hydrolysis) the expected alcohol 7
in good yield (52%; for details, see the SI). However, the sub-
sequent deoxygenation failed. The alcohol did not react with
samarium(n) iodide/HPMA/pivalic acid,>* as reported for the
2-pyridyl analogue.*®*® An alternative reduction with triethyl-
silane and trifluoroacetic acid® also could not be applied
because of unwanted reactions at the phosphine moiety (6p ~
28).%¢

Therefore, further reactions were performed with the
P-protected®” substrate 6-BH;. This compound was also
smoothly lithiated and reacted with 2-ThCHO to produce
alcohol 7-BH; in 63% yield. The subsequent reaction with
Et;SiH/CF;CO,H proceeded under deoxygenation but was rela-
tively low yielding and was accompanied by partial removal of
the borane protecting group, leading to a mixture of 1 and
1-BH,.

To avoid these problems, the synthetic strategy was modi-
fied such that the functional groups were introduced in the
reverse order (Scheme 3). In the first step, 1,1’-dibromoferro-
cene (8) was lithitated and reacted with 2-ThCHO to afford a
mixture of alcohol 9 and the corresponding ketone 10, which
were separated by column chromatography and isolated in

PPh, 1) n-BuLi Pth Pth
?/ 2 2 ThCHO s \ see text S \
- THF
g 18Chon
6
BHs BH; BH,
PPh, 1)n-Buli PPh, Et;SiH PPh,
@ 2} 2-ThCHO S\ CF3COpH SN\
THF d> — CH,Cl, d> —
@\Br -78°Ctort
6-BH; 7-BH; OH 1-BH,
Scheme 2 Initial experiments aimed to prepare compound 1

(2-ThCHO = thiophene-2-carboxaldehyde).
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PCy, 1) n-BuLi @Br
' s\ <2)CIPCy, S\
Fe Fe
— THF CD —
-78°Ctort
2 1
1) n-BulLi
2) CIPPh,
THF, -78 °C to rt
Pth PPhZ PPh Pth
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Scheme 3 The synthesis of thienyl-tagged phosphines 1 and 2
(2-ThCHO = thiophene-2-carboxaldehyde, Cy = cyclohexyl).

yields of 80% and 5%, respectively (the crude reaction mixture
also contained minor amounts of bromoferrocene and
unreacted 8). The formation of ketones during the reaction of
lithioferrocenes with aldehydes (in addition to the expected
alcohol products) was noted earlier and appeared to depend
on the solvent, concentration, and temperature.>®

Alcohol 9 was treated with Et;SiH/CF;CO,H (1.1 equiv.
each) in dichloromethane, producing methylene derivative 11
in 73% isolated yield. Subsequent lithiation with 1 molar equi-
valent of n-butyllithium and quenching with chloro-diphenyl-
phosphine (in THF at —78 °C) afforded a mixture of four com-
pounds, which were separated by column chromatography.
Gratifyingly, targeted phosphine 1 was the dominant product
and was isolated as an orange solid in 56% yield. The three
minor products were (2-thienylmethyl)ferrocene 12 (12%),
resulting from the protonolysis of the lithiated intermediate,
and thienylphosphine 13 (2%) and bisphosphine 14 (3%),
formed by competing lithiation at position 2 of the activated
thiophene ring.”® Notably, a similar lithiation/functionalisa-
tion reaction employing chloro-dicyclohexylphosphine as the
electrophile proceeded more selectively. Side products similar
to those obtained during the synthesis of 1 were not detected
in the crude reaction mixture, and phosphine 2 was isolated in
61% yield (relative to 11).

A similar procedure was subsequently used to prepare iso-
meric phosphine 3 bearing the 3-thienyl substituent
(Scheme 4). In the first step, 1,1’-dibromoferrocene was con-
verted to a mixture of alcohol 15 and ketone 16 (72 and 6% iso-
lated yields, respectively). The alcohol was further reduced
with Et;SiH/CF;CO,H (1.1 equiv. each) to give 17 in 71% yield.
Subsequent lithiation and phosphinylation produced the tar-
geted compound 3 (54% isolated), accompanied by minor
amounts of byproducts 18-20 (Note: compounds 19 and 20

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02216a

Open Access Article. Published on 20 October 2025. Downloaded on 12/21/2025 2:29:29 PM.

Dalton Transactions

Br 1) n-BuLi Q/Br G/Br
@ 2) 3-ThCHO = ! =
Q\Br -78°Ctort

8 15 16 O
Et3SiH/CF3CO,H
CH2C|2
Br
<
! =
Fe
1) n-BulLi
2) CIPPh,
THF,-78°Ctort
PPh
=2 = - = PP

18 19 20

(3-ThCHO
and 20 can be either 2- or 5-PPh; isomers.

thiophene ring).

Synthesis of thiazole derivatives
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Fe S+ Fe /S+ Fle /S+ F'e /S
Ph
3

PPh, PPh,

Scheme 4 Synthesis of phosphine 3 bearing the 3-thienyl pendant
= thiophene-3-carboxaldehyde). Note that compounds 19

bear the phosphine substituent either at position 2 or 5 of the

The reluctance of thienyl moieties to engage in coordination®”
(vide infra) led us to expand the ligand family to include struc-

turally similar compounds containing thiazole pendants.*'
The synthesis of phosphines 4 and 5 (Scheme 5) was based on
the original synthetic strategy employing phosphinylated start-
ing materials (Scheme 2) because a route similar to the prepa-

(cc)

ration of 1-3 failed. For instance, the thiazole analogue of 11,

5-[(1"-bromoferrocen-1-yl)methyl]thiazole underwent lithiation

exclusively at position 2 of the thiazole ring.
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Alternatively, low-temperature lithiation of 6-BH; followed
by reaction with 5-formylthiazole produced a mixture of the
desired alcohol 21-BH; and ketone 22-BH3, which were separ-
ated by chromatography and obtained in yields of 61% and
2%, respectively. The reduction with Et;SiH/CF;CO,H (3
equiv.) converted 21-BH; into a mixture of 4-BH; and depro-
tected compound 4 in an approximately 85 : 15 ratio. Removal
of the borane protecting group was accomplished by treating
the 4/4-BH; mixture with 1,4-diazabicyclo[2.2.2]octane
(dabco)** in THF, and free phosphine 4 was isolated by
column chromatography and obtained in 26% yield over the
last two steps (i.e., 16% from 6-BH;). A similar procedure was
used to prepare the isomeric compound 5 featuring a 2-thiazo-
lyl pendant group (Scheme 5, bottom). In this case, the yields
of protected aldehyde 23-BH; and ketone 24-BH; were 60%
and 5%, respectively, and the final product 5 was obtained in
19% yield after the reduction and deprotection steps (i.e., 11%
with respect to 6-BHj).

Crystal structures of the free phosphines

Compounds 1-4 produced single crystals suitable for structure
determination. The thienyl groups in the structures of 1-3
were disordered over two practically isosteric positions result-
ing by 180° rotation along the pivotal CH,-C(ring) bond. This
situation corresponds to the fact that the thienyl groups do not
form significant intermolecular interactions, and their orien-
tation thus does not affect the crystal assembly. No similar dis-
order was observed for 4.

The structures (Fig. 1 and SI) were unexceptional in that the
individual molecules contained undistorted ferrocene units
with similar Fe-C distances and tilt angles not exceeding 3.5°
(see SI, Table S2). The 1,1-disubstituted ferrocene units in
diphenylphosphinyl derivatives 1, 3, and 4 were eclipsed and
adopted an approximately 1,2’ conformation®® with torsion
angles C1-Cg1-Cg2-C6 (r; Cgl and Cg2 are the centroids of
rings C(1-5) and C(6-10), respectively) in the range of 64-72°
(ideal value: 72°). The cyclopentadienyl rings in 2 bearing the
bulkier dicyclohexylphosphinyl group were practically eclipsed,

1) n-BuLi
2) 5-TzCHO ||3H3 l|3H3 BH3
THF — PPh, — -PPh, Et;SiH PPh2 F'Ph2 PPhy
-78°Ctort ] s\ T s\ CF3CO,H dabco T s\
Fe N |+ Fe N/ ~CH.,Cl, Fe N+ Fe e - Ee N
AV HeCh w w LV <SNP
oy
PPh, 21.BH; OH 22.BH; O 4-BH, 4
@ (removed)
Fe
Qd)ar
— BH; BH; BH;
BHs )
PPh PPh Et;SiH PPh PPh PPh
= " | crcoH | S _Z ==~ 2 ;
Fe S N\ | Pt _dabco_ T SN\
. Fe Fe Fe
e S ) ok w QJ M
2) 2-TzCHO
THF 23-BH; OH 24-BH; O 5
-78*°Ctort (removed)

Scheme 5 Synthesis of thiazolyl-substituted phosphines 4 and 5 (2-TzCHO and 5-TzCHO are thiazole-2-carboxaldehyde and thiazole-5-carboxal-

dehyde, respectively).
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Fig. 1 Molecular structures of compounds 1 (top) and 2 (bottom). Only
one orientation of the disordered thienyl groups is shown for clarity.
Diagrams for other compounds and displacement ellipsoid plots are
available in the SI.

but the substituents were rotated to more distant positions,
assuming a 1,3’ conformation (r = —142°; the ideal value is
144°). The heterocyclic substituents extended away from the
ferrocene unit, and their planes were perpendicular to the
parent cyclopentadienyl rings C(1-5) (dihedral angles: 84-87°),
whereas the phosphine substituents were arranged with one
P-C bond directed above the ferrocene unit and the other to
the side. Otherwise, the geometry of the substituents did not
differ from those observed in (diphenylphosphino)ferrocene,**
1-(dicyclohexylphosphino)-1-bromoferrocene,"* and the
respective heterocyclic ferrocene derivatives.*”

Synthesis and characterisation of the Pd(u) complexes

The coordination behaviour of the newly synthesised hybrid
phosphines was explored via reactions with [PdCl,(MeCN),] as
a PdCl, surrogate. The reactions were performed at 1:2 and
1:1 Pd-to-L ratios, which were anticipated to produce “stan-
dard” phosphine complexes and species with P,X-coordinated
ligands, respectively. The reactions with thienyl phosphines
1-3 (L) followed the expected pattern only partly. At Pd:L =
1:2, they indeed afforded the bis(phosphine) complexes trans-
[PdCl,(L-xP),] (25-27, Scheme 6).

However, similar reactions performed with 1 and 3ata1:1
Pd:L ratio resulted in practically insoluble materials that
could not be analysed by NMR spectroscopy or crystallised. We
believe that these compounds were chloride-bridged dimers
[PACI(p-Cl)(L-kP)], (L = 1 and 3). Attempts to characterise these

16614 | Dalton Trans., 2025, 54, 16611-16628
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L =,

Pd:L=1:2 !
[PACI,(MeCN);] — (& =1-5)

_(L=19% P—pq. -

CH,Clp or CDChy @C Pd—p
—MeCN Fe
Z\/@

25 R =Ph, Z = 2-thienyl
26 R =Cy, Z = 2-thienyl
27 R =Ph, Z = 3-thienyl
29 R =Ph, Z = 5-thiazolyl
30 R =Ph, Z = 2-thiazolyl

Scheme 6 Synthesis of the Pd(i) bis(phosphine) complexes.

products through reactivity tests were only partly successful.
For instance, the presumed in situ-generated dimer [PdCl(p-Cl)
(1-xP)], nearly completely dissolved (in CDCl;) after PPh; was
added (1 equiv. per Pd). Analysis of the reaction mixture
revealed the presence of a new species, most likely trans-
[PACl,(PPh,)(1-kP)] (6p 22.4 and 16.9, *Jpp = 481 Hz, AB spin
system), as well as 25 (6p 15.1) and [PACl,(PPh;),] (6p 23.3)°° at
a statistical 2:1:1 molar ratio (see the SI). An identical
mixture was obtained when equimolar amounts of
[PACI,(MeCN),], 1, and PPh; were mixed directly in CDCl;.
Unfortunately, all efforts to isolate the unsymmetrical bis
(phosphine) complex failed.

Eventually, the reaction of [PdCl,(MeCN),] with 1 equiv. of
ligand 2 corroborated the working hypothesis, as it afforded
the more soluble complex [PdCl(p-Cl)(2-kP)], (28 in Scheme 7),
which could be fully characterised and was even structurally
authenticated using X-ray diffraction analysis.

S/
2 cl F
L= Cy Clivpy d
Pd:L=1:1 12 ~rpy Cb
CH,CI & Prpd SFi~p S
2~12 ] 7 Cl Cy,
— MeCN Fe ClI
-
7 =S
28
Ph,
P\Pd“\\(:l
~NE\
Fe c” N7
4 d> ~
Pd:L =1:1
PACI,(MeCN),] — =" 17 »
Packeetel ~"er i, Q\%‘ \\<\©
- MeCN s Cl  Fe
\=N—_
Pd S
o ~pL>>
Ph,
31
5 o
2=
Pd:L = 1:1 ©/ PF\CI
CHzCly
— MeCN

Fe
S0
S
32
Scheme 7 Synthesis of complexes 27, 30, and 31.
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The reactions with thiazolyl phosphines 4 and 5 at a 1:2
Pd:L ratio also produced bis(phosphine) complexes 29 and
30, respectively (Scheme 6). However, upon reducing the
ligand amount to 1 molar equivalent, they gave rise to P,N-
bridged dimer 31 and P,N-chelate complex 32 (Scheme 7). The
difference in reactivity reflects the nature of the heteroatoms (S
vs. N) and their positioning. The nitrogen atom in 5 is closer
to the phosphine group and apparently more suitably oriented
for chelate formation.

The complexes were clearly distinguished by their ESI MS
spectra showing the diagnostic molecular (M" for 25), pseudo-
molecular (M + K/Na]" for 28) or fragment ions (M — Cl]" for
26-27 and 29-32) and by their NMR signatures. The bis(phos-
phine) complexes displayed *'P{'H} NMR signals at &p ~ 15 (5p
18 for 26) and showed characteristic apparent triplets for all
#1p-coupled "*C NMR resonances as a result of virtual coupling
in the ABX second-order spin systems '*C(X)-*'P(A)-Pd-*'P
(B)-">C.*>” The *'P NMR signals of dimers 28 and 31 were
detected at &p 50.8 and 24.6, respectively, and their *C NMR
spectra contained only the usual *'P-coupled doublets for the
carbons forming the CsH,PPh, moiety. The *'P NMR signal of
32 was found at 6p 22.1. However, the restricted rotation of the
ferrocene unit in this chelate complex rendered the ferrocene
CH groups and phenyl rings diastereotopic, which resulted in
doubling of the number of the respective 'H and *C NMR
signals. In particular, eight 'H and *C NMR signals were
observed for the ferrocene CH groups, and two CP?* reso-
nances and eight CH resonances were detected for the PPh,
moiety.

In addition to spectroscopic characterisation, the molecular
structures of 25-30, 31-CH,Cl,, and 32-CH,Cl, were deter-
mined by single-crystal X-ray diffraction analysis (see Fig. 2
and SI, Table S3). The bis(phosphine) complexes 25-27, 29,
and 30 all crystallise with the symmetry of the centric space

the

structure of
complex 25. Only one orientation of the disordered thienyl group is
shown for clarity. Diagrams for other bis(phosphine) complexes and dis-
placement ellipsoid plots are available in the SI.

Fig. 2 Molecular representative bis(phosphine)

This journal is © The Royal Society of Chemistry 2025
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groups (P24/n or P1) and with the Pd atoms residing on the
crystallographic inversion centres. This renders the PdCL,P,
coordination sphere in these compounds ideally planar and
brings pairs of the same ligands into anti positions. The Pd-P
(2.35 A) and Pd-ClI (2.31 A) distances vary only marginally in
the series and are similar to the bond lengths reported for
similar complexes containing 1'-functionalised ferrocene phos-
phines trans-[PdCl,(Ph,PfcY-kP),] (fc = ferrocene-1,1'-diyl, Y =
various substituents)*® and the parent compound trans-
[PACl,(FcPPh,kP),] (Fc = ferrocenyl).>® The P-Pd-Cl angles
deviate from 90° by less than 5°.

Compared with free ligands, the complexes have slightly
shorter P-C bonds and wider C-P-C angles. The ferrocene
units retain their regular geometry (tilt angles < 5°), but their
substituents are more distant. In complexes with PPh, donor
groups, the cyclopentadienyl rings adopt eclipsed 1,3’ confor-
mations with 7 & 140°, whereas in 26, they are rotated some-
what more (r & 151° cf. the structure of 2). The heterocyclic
pendants are disordered in structural voids left between the
complex molecules.

Compound 28 also crystallises with imposed inversion sym-
metry (Fig. 3). Consequently, the central Pd,(p-Cl),CL,P,
moiety is planar, and the P-donors are located in trans posi-
tions.*® The Pd-Cl distances increase from Pd1-Cl1 through
Pd1-Cl2 to Pd1-CI2’ as a result of different bonding modes
(terminal vs. bridging) and the t¢rans influence of the phos-
phine donor.”* The P1-Pd1-CI2 angle is widened, presumably

Fig. 3 Molecular structure of 28. For clarity, only one position of the
disordered CsH4CH>(2-Th) moiety is shown. The displacement ellipsoid
plot is available in the Sl. Selected distances and angles (in A and °):
Pd1-Cl1 2.282(1), Pd1-Cl2 2.321(1), Pd1-Cl2' 2.443(1), Pd1-P1 2.244(1),
P1-Pd1-Cl1 88.78(5), P1-Pd1-Cl2 98.30(5), Cl1-Pd1-Cl2’ 88.89(5),
Cl2-Pd1-Cl2' 83.96(4). The prime-labelled atoms are generated by
crystallographic inversion.

Dalton Trans., 2025, 54,16611-16628 | 16615
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because of the steric demands of the phosphine moiety, and is
compensated for by closing the adjacent CI2-Pd1-Cl2’ angle.
All other interligand angles remain near 90°. The CsH,CH,(2-
Th) moieties occupy places above and below the coordination
plane and are disordered.

Structure determination of 31-CH,Cl, confirms the sym-
metrical dimeric structure even though the two {PdCl,PN}
moieties and P,N-bridging ligands are structurally indepen-
dent (Fig. 4). The palladium and its four ligating atoms are
coplanar within 0.06 A for Pd1 and 0.03 A for Pd2, and the
interligand angles range from 88-93° for Pd1 and 87-94° for
Pd2. The N-coordinated thiazole units are rotated from the
coordination plane by 18.2(2)° (Pd1) and 30.6(3)° (Pd2) and are
perpendicular to the bonding cyclopentadienyl rings (dihedral
angle 88-89°). The ferrocene linkers are negligibly tilted (tilt
angles ~3.5°) and adopt a 1,2’ conformation with z = —78.5(5)°
(Fe1) and —71.0(4)° (Fe2).

Lastly, compound 32-CH,Cl, (Fig. 5) crystallises with four
symmetrically independent but otherwise very similar mole-
cules in the triclinic unit cell (space group P1; for parameters,
see the SI, Table S4). The complex is a cis-P,N chelate with
planar coordination around the palladium atom and interli-
gand angles close to 90° (~85-94° in the four molecules; the
ligand bite angle P-Pd-N is 91-93°). Owing to the different
trans influence (P > N), the Pd1-Cl1 bond is 0.1 A longer than
the Pd1-Cl2 bond. Chelation coordination is enabled by the

Fig. 4 View of the complex molecule in the structure of 31-CH,Cl,. For
a displacement ellipsoid plot, see the Sl. Selected distances and angles
(in A and °): Pd1-Cl1 2.297(2), Pd1-Cl2 2.277(2), Pd1-P1 2.250(2), Pd1-
N2 2.133(6), Cl1-Pd1-P1 88.04(6), Cl1-Pd1-N1 91.0(1), Cl2-Pd1-P1
92.60(7), Cl2—Pd1-N2 88.5(1), Pd2-Cl3 2.299(2), Pd2-Cl4 2.295(2),
Pd2-P2 2.247(2), Pd2-N1 2.127(5), Cl13-Pd2-P2 87.29(6), Cl3—Pd2—-N1
89.6(1), Cl4—-Pd2-P2 94.28(6), Cl4—-Pd2-N1 88.8(1).

16616 | Dalton Trans., 2025, 54, 16611-16628
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Fig. 5 View of molecule 1 in the structure of 32:CH,Cl,. For the displa-
cement ellipsoid plot and geometric parameters, see the SI.

rotation of the cyclopentadienyl rings, which direct the substi-
tuents closer to each other (z = 47-55°), and by twisting of the
thiazolyl group (tilt angles relative to the C(1-5) plane: 61-64°).
The N-bound thiazole ring is almost perpendicular to the
PACL,PN plane (dihedral angles: 77-82°).

Catalytic experiments

The catalytic properties of compound 32, the only chelate
complex obtained, in comparison with those of the archetypal
precatalyst [PdCl,(dppf-«*P,P')], were evaluated in the Suzuki-
Miyaura-type cross-coupling®” of arylboronic acids with aroyl
chlorides. This reaction selectively produces benzophenones®*?
and is particularly suitable for the preparation of compounds
that are difficult to access via conventional methods (e.g., for
the synthesis of specifically substituted benzophenones).

Initial reaction tests were performed under the previously
established conditions (0.2 mol% Pd catalyst, 1.2 equiv. of acyl
chloride, and 1.0 equiv. of Na,CO; in C¢Ds-water at 50 °C for
3 h; see Scheme 8).** The yields of the coupling products (35-
CH; or 35-CF;) were determined by integration of the 'H or '°F
NMR spectra using anisole or (trifluromethyl)benzene as
internal standards, respectively.

The results presented in Table 1 suggest better performance
of the catalyst formed from complex 32 over the benchmark
precatalyst [PdCl,(dppf)] in all cases. For the latter catalyst, the

(e}
[Pd] (0.2 mol.%)
/©)J\C|+ /©/B(OH)2 NaCOj (1 equiv.) ‘)‘\‘\
CoDg/H,0
R R 50 °C/3 h
33-R 34-R

(1.2 equiv.) (1.0 equiv.)

Scheme 8 Model cross-coupling reactions of aroyl chlorides with aryl-
boronic acids (R = H/CHz and H/CF3) to give ketones 35-R ([Pd] =
complex 32 or [PdCly(dppf)]).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the screening catalytic experiments?

NMR yield of 35-R [%]

Entry 33-R 34-R 32 [PdCL,(dppf)]
1 H CH;3 Quant. 66
2 H CF; 73 96
3 CH; H Quant. 83
4 CF; H Quant. 81

“Conditions: arylboronic acid (1.0 mmol), acyl chloride (1.2 mmol),
sodium carbonate (1.0 mmol) and the respective Pd catalyst
(0.2 mol%) were reacted in C¢De-water (2 mL each) at 50 °C for 3 h.
The results are an average of two independent runs.

reactions involving acyl chloride bearing more electron-donat-
ing substituents (CH; vs. H, H vs. CF;) gave better yields than
the complementary reactions of substrates with inverted sub-
stitution did. This observation cannot be explained only by the
electronic influence of the substituent on the course of the
cross-coupling reaction because additional phenomena, such
as solubility and different rates of acyl chloride hydrolysis, can
also play significant roles.

Next, we applied precatalyst 32 to the synthesis of 3-(tri-
fluoromethyl)benzophenone (38, Scheme 9). In this case, the
reaction between benzoyl chloride (36-H) and 3-(trifluoro-
methyl)phenylboronic acid (37-CF;) proceeded with incom-
plete conversion, whereas the coupling of 3-(trifluoromethyl)
benzoyl chloride (36-CF;) with phenylboronic acid (37-H) pro-
duced the targeted ketone with quantitative NMR yield (96%
isolated yield). Notably, the yield of the latter reaction
remained the same even after the amount of catalyst was
reduced to 0.1 mol% (quantitative NMR yield, isolated 97% of
38).

|
+ PhB(OH),

o

o}

% O
o

FiC B(OH),
PhC(O)CI + \©/

36-H 37-CF3 36-CF; 37-H
(1.2 equiv.) (1.0 equiv.) (1.2 equiv.) (1.0 equiv.)
32 (0.2 mol.%)
Na,CO3 (1 equiv.) MR vield ‘
. CwDw/H,0 yield: quant.
NMR yield: 95% i isolated yield: 96%
o}
CF3
38
EtMgBr EtMe,MgLi
Et,0, 0to 25 °C THF-Et,0, -78 °C
OH Et, OH

CF3

39 (77% isolated yield)
also isolated: 40 (16%)

N O CF;

40 (87% isolated yield)

Scheme 9 Synthesis of ketone 38 and its subsequent conversion into
flumecinol (40).
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Ketone 38 was subsequently utilised in the alternative syn-
thesis*®> of flumecinol, which was previously studied as a
hepatic microsomal enzyme-inducing drug*® and an antipruri-
tic agent.*” The direct addition of EtMgBr to 38 in diethyl
ether (at 0 — 25 °C) and an aqueous workup produced carbi-
nol 39 as the dominant product and only minor amounts of
flumecinol (40; 80:20 ratio in the crude reaction mixture).
Gratifyingly, upon changing the alkylating agent for a magne-
sate complex generated in situ from EtMgBr and MelLi,"® a
similar reaction in THF at —78 °C produced a mixture contain-
ing predominantly 40 and only a minor amount of 39
(91:9 molar ratio in the crude mixture). A trace amount of an
additional compound, most likely a flumecinol analogue with
a methyl group at the central carbon (ca. 2%; &y 1.98), was also
detected.”® Chromatographic purification of the crude product
mixture afforded pure 40 in 87% yield.

Conclusions

This contribution reports a series of new semihomologous
functional ferrocene phosphines equipped with flexible thio-
phene- and thiazole-based pendants at the other cyclopenta-
dienyl ring. These compounds are accessible by conventional
synthetic approaches from heterocyclic aldehydes. However,
careful synthetic design is essential for their successful prepa-
ration because the otherwise standard reactions used to
convert intermediate alcohols to methylene derivatives either
fail or are not compatible with the presence of the phosphine
moieties.

Furthermore, our coordination experiments confirm that
the phosphine moiety in these ditopic ferrocene derivatives is
the primary ligating group for soft Pd(u) ions. The coordi-
nation of the heterocyclic pendants seems to be compromised
by the increased flexibility of the heterocyclic pendants, ren-
dering the formation of the chelate rings less favourable, and
the inherent reluctance of the conjugated thiophene units to
coordinate (as compared with N-heterocycles). In the present
series, only the coordination of the thiazole units in ligands 4
and 5 was observed, leading to a P,N-bridged (ligand-bridged)
dimer and a P,N-chelate complex, respectively. Catalytic tests
of the Pd-mediated cross-coupling of aroyl chlorides with aryl-
boronic acids, which selectively produced benzophenones,
revealed good catalytic performance for P,N-chelate complex
32, which was superior to that of the analogous, donor-sym-
metric dppf complex.

Experimental
Materials and methods

All syntheses were performed under a nitrogen atmosphere
using conventional Schlenk techniques. 1-Bromo-1-(diphenyl-
phosphino)ferrocene (6),>* the corresponding borane adduct
6-BH;"° and [PdCl,(dppf-x*>P,P")]** were synthesised according
to the literature procedures. Other chemicals were obtained
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from commercial sources (Sigma-Aldrich and TCI) and were
used as received. Anhydrous and oxygen-free tetrahydrofuran
(THF), dichloromethane and diethyl ether were obtained from
a PureSolv. MD5 solvent purification system (Innovative
Technology, Inc.). The solvents utilised for column chromato-
graphy and crystallisations were used without any additional
purification (Lach-Ner, Czech Republic).

The NMR spectra were recorded on a Bruker Avance III 400
or a Bruker Avance NEO 400 spectrometer at 25 °C. Chemical
shifts (§/ppm) are expressed relative to internal tetramethyl-
silane ("H and "*C NMR) and external 85% aqueous H;PO,
(*'P NMR). The signals are denoted as s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet). The prefix v is added
for virtual multiplets arising from the magnetically nonequiva-
lent hydrogen atoms at the substituted cyclopentadienyl rings
(CsHy). Electrospray ionisation mass spectra (ESI MS) were
obtained with a Bruker QTOF Micro spectrometer using
samples dissolved in HPLC-grade methanol or acetonitrile.
Elemental analyses were performed on a PE 2400 Series II
CHNS/O Elemental Analyser (PerkinElmer).

Synthesis of the phosphine ligands

Preparation of 9 and 10. An oven-dried 50 mL flask equipped
with a stirring bar was charged with 1,1’-dibromoferrocene (8;
1.031 g, 3.0 mmol), flushed with nitrogen, and sealed.
Anhydrous THF (15 mL) was introduced, and the resulting
solution was cooled to —78 °C in a dry ice/ethanol bath.
n-Butyllithium (1.2 mL of 2.5 M solution in THF, 3.0 mmol)
was added, and the mixture was stirred for 45 min (an orange
precipitate was formed during this time). Next, neat 2-for-
mylthiophene (0.31 mL, 3.3 mmol) was added dropwise, and
the reaction mixture was stirred at —78 °C for 15 min and then
at room temperature for another 2 h. The reaction was termi-
nated by the addition of distilled water (25 mL) and ethyl
acetate (30 mL). The orange organic layer was separated,
washed with brine (30 mL), dried over MgSO,, filtered, and
concentrated under vacuum. The residue was taken up with di-
chloromethane (20 mL) and evaporated with chromatographic
alumina. The crude, preadsorbed product was transferred onto
an alumina column packed with cyclohexane-ethyl acetate
(8:1). Elution with the same solvent mixture led to the devel-
opment of three bands. The first yellow band containing bro-
moferrocene and 8 (78 mg) was discarded. The second red
band was collected and evaporated, leaving ketone 10 as a red
powder (53 mg, 5%). The eluent was then changed to cyclo-
hexane-ethyl acetate (1:1) to elute the desired product as an
orange band. Subsequent evaporation produced alcohol 9 as
an orange oil. Yield: 896 mg (80%).

Analytical data for 9.°> "H NMR (400 MHz, CDCl,): § 2.62 (d,
J = 3.8 Hz, 1 H, CHOH), 4.15-4.19 (m, 2 H, CsH,), 4.24-4.28
(m, 3 H, CsH,), 4.35-4.38 (m, 1 H, CsH,), 4.44-4.46 (m, 1 H,
CsH,), 4.47-4.49 (m, 1 H, CsH,), 5.83 (d, J = 3.8 Hz, 1 H,
CHOH) 6.90-6.94 (m, 2 H, C,H;S), 7.20-7.25 (m, 1 H, C,H,S).
BC{'H} NMR (100.6 MHz, CDCl,): § 67.81 (s, CH CsH, or
CHOH), 67.82 (s, CH CsH,; or CHOH), 67.84 (s, CH C;H,),
68.32 (s, CH CsH,), 69.47 (s, CH CsH,), 70.70 (s, CH CsH,),
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70.74 (s, CH CsH,), 70.80 (s, CH CsH,), 70.87 (s, CH CsH,),
77.85 (s, CP* CsH,), 94.37 (s, CP*° CsH,), 124.45 (s, CH
C4H;S), 124.88 (s, CH C,H,S), 126.40 (s, CH C4H;S), 147.28 (s,
C'*° C4H,S). HRMS (ESI+), m/z calc. for C,5H;;BrFeNaOS ([M +
Na]"): 398.9118; found: 398.9110. Anal. calc. for C;5H,3BrFeOS
(377.1): C 47.78, H 3.48%. Found: C 48.55, H 3.55%. Better
matching microanalytical data were not obtained despite
several attempts and seemingly pure samples. The compound
probably decomposes before analysis in an external laboratory.

Analytical data for 10. "H NMR (400 MHz, CDCl,): § 4.16 (vt,
J =1.9 Hz, 2 H, CsH,), 4.45 (vt, ' = 1.9 Hz, 2 H, CsH,), 4.61 (vt,
J =2.0 Hz, 2 H, C;H,), 5.07 (vt, J = 2.0 Hz, 2 H, C;H,), 7.16
(dd, J = 5.0, 3.8 Hz, 1H, C,H3S), 7.63 (dd, J = 5.0, 1.1 Hz, 1H,
C4H;S), 7.93 (dd, J = 3.8, 1.1 Hz, 1H, C,4H;S). C{'H} NMR
(100.6 MHz, CDCl;): § 69.75 (s, CH CsH,), 72.14 (s, CH C5H,),
72.90 (s, CH C5H,), 75.26 (s, CH C5H,), 78.16 (s, C?*° CsH,),
80.34 (s, CP* CsH,), 127.73 (s, CH C,H,S), 131.79 (s, CH
C,H,S), 132.14 (s, CH C,H;S), 144.07 (s, C?*° C,H,S), 188.42 (s,
C=0). The compound contains a minor amount of a mono-
substituted ferrocene derivative (x5%), presumably FcC(O)(2-
Th). HRMS (ESI+), m/z cale. for C;5H;,BrFeOS (M + H]):
374.9143; found: 374.9137.

Preparation of 11. Alcohol 9 (492 mg, 1.3 mmol) was dis-
solved in anhydrous dichloromethane (15 mL) under nitrogen,
and the solution was cooled to 0 °C in an ice bath. Neat tri-
ethylsilane (0.23 mL, 1.43 mmol) followed by trifluoroacetic
acid (0.11 mL, 1.43 mmol) were added dropwise, and the
resulting brown-orange solution was stirred at room tempera-
ture overnight (approximately 18 h). Next, the mixture was
diluted with dichloromethane (15 mL) and washed with satu-
rated aqueous NaHCO; (2 x 30 mL) and brine (30 mL). The
organic layer was separated, dried over MgSO,, and evaporated
under vacuum. The crude product (orange oil) was dissolved
in a minimum amount of cyclohexane and purified by chrom-
atography over a short silica gel column, eluting with cyclo-
hexane. Evaporation of the first yellow-orange band produced
11 as an orange oil, which solidified in a refrigerator. Yield:
345 mg (73%).

'H NMR (400 MHz, CDCl,): 6 3.90 (d, J = 0.9 Hz, 2 H, CH,),
4.07 (vt,J'=1.9 Hz, 2 H, CsH,), 4.17 (s, 4 H, CsH,), 4.35 (vt, J =
1.9 Hz, 2 H, CsH,), 6.78 (ddt, J = 3.3, 1.0, 1.0 Hz, 1 H, C,H;S),
6.90 (dd, J = 5.1, 3.3 Hz, 1 H, C4H,S), 7.11 (dd, J = 5.1, 1.2 Hz, 1
H, C4H;S). C{'H} NMR (100.6 MHz, CDCl,): § 29.29 (s, CH,),
67.86 (s, CH CsH,), 70.29 (s, CH CsH,), 70.82 (s, CH CsH,),
70.94 (s, CH CsH,), 78.12 (s, C?*° CsH,), 89.07 (s, CP* CsH,),
123.42 (s, CH C4H;S), 124.61 (s, CH C4H3S), 126.62 (s, CH
C,H;S), 144.07 (s, CP*° C4H;S). HRMS (ESI+), m/z calc. for
C;5H3BrFeS (M'): 359.9272; found: 359.9259. Anal. calc. for
Cy5H;3BrFeS (361.1): C 49.90, H 3.63%. Found: C 50.13, H
3.48%.

Preparation of 1. An oven-dried 25 mL flask was charged
with bromide 11 (328 mg, 0.90 mmol), flushed with nitrogen,
and sealed. Anhydrous THF (7 mL) was introduced, and the
solution was cooled to —78 °C in a dry ice/ethanol bath. To the
solution, n-butyllithium (0.36 mL of 2.5 M solution in THF,
0.9 mmol) was added slowly, and the mixture was stirred with

This journal is © The Royal Society of Chemistry 2025
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continuous cooling for 45 min. Neat chloro-diphenyl-
phosphine (0.16 ml, 0.9 mmol) was added dropwise, and the
solution was stirred at —78 °C for 15 min and then at room
temperature for an additional 2 h. The reaction was terminated
by adding distilled water and ethyl acetate (15 mL each). The
organic layer was separated, washed with brine, dried over
MgSO,, and evaporated under vacuum. The residue was redis-
solved in dichloromethane (20 mL) and evaporated with chro-
matographic silica gel. The preadsorbed product was trans-
ferred into a solid loader and purified by chromatography over
a silica gel column (Interchim puriFlash, 30 pm, 40 g) using a
Buchi Reveleris X2 automatic chromatograph and hexane-di-
chloromethane as the eluent (flow rate 25 mL min™"). The first
two bands were eluted using a solvent gradient (5 — 30% di-
chloromethane in the mobile phase). Evaporation of the first
band produced byproduct 12 (orange viscous oil; 30 mg, 12%),
and the second orange band afforded byproduct 13 (orange
oil; 8 mg, 2%). Subsequent elution with pure dichloromethane
removed the band due to phosphine 1 (orange solid; 233 mg,
56%), followed by an additional, minor band due to com-
pound 14 (orange viscous oil; 17 mg, 3%).

Analytical data for 1. "H NMR (400 MHz, CDCL,): 6§ 3.61 (s,
2 H, CH,), 4.00 (vt, // = 1.8 Hz, 2 H, CsH,), 4.05-4.09 (m, 4 H,
CsH,), 4.33 (vt, J' = 1.8 Hz, 2 H, CsH,), 6.67 (ddt, J = 3.4, 1.2, 1.2
Hz, 1 H, C4H,S), 6.86 (dd, J = 5.1, 3.4 Hz, 1 H, C,H,S), 7.07 (dd, J
=5.1,1.2 Hz, 1 H, C,H,S), 7.27-7.34 (m, 6 H, PPh,), 7.34-7.43 (m,
4 H, PPh,). *'P{"H} NMR (161.9 MHz, CDCl;) § —16.7 (s, PPhy,).
BC{"H} NMR (100.6 MHz, CDCl,): 6§ 29.67 (s, CH CsH,), 69.61 (s,
CH CsH,), 71.71 (d, Jpc = 4 Hz, CH CsH,), 73.61 (d, Jpc = 15 Hz,
CH CsHy), 75.60 (d, Jpc = 4 Hz, CP*-P CsH,), 88.08 (s, C**-C
CsH,), 123.26 (s, CH C,H,S), 124.38 (s, CH C4H,S), 126.52 (s, CH
C,H;S), 128.17 (d, Joc = 7 Hz, CH PPh,), 128.59 (s, CH PPh,),
133.52 (d, Joc = 19 Hz, CH PPh,), 138.85 (d, Jpc = 8 Hz, C?*
PPh,), 144.27 (s, C”*° C,H;S). HRMS (ESI+), m/z calc. for
C,7H,4FePS (M + H]'): 467.0686; found: 467.0678. Anal. calc. for
C,,H,3FePS (466.4): C 69.54, H 4.97%. Found: C 69.44, H 4.91%.

Analytical data for 12.°> "H NMR (400 MHz, CDCl,): & 3.88 (s,
2 H, CH,), 4.09 (vt,J' = 1.8 Hz, 2 H, CsH,), 4.13 (s, 5 H, CsH,),
4.13 (vt, J' = 1.8 Hz, 2 H, CsH,), 6.77 (ddd, J = 3.3, 1.2, 1.2 Hz,
1 H C,4H;S), 6.90 (dd, J = 5.1, 3.3 Hz, 1 H, C4H;S), 7.11 (dd, J =
5.1, 1.2 Hz, 1 H, C,H,S).

Analytical data for 13. "H NMR (400 MHz, CDCl,): 6 3.83 (s,
2 H, CH,), 4.07 (s, 5 H, CsH;), 4.06-4.08 (m, 2 H, CsH,), 4.09
(vt, J' = 1.9 Hz, 2 H, CsH,), 6.77 (ddt, J = 3.3, 1.0, 1.0 Hz, 1 H,
C4H,S), 7.12 (dd, J = 6.4, 3.3 Hz, 1 H, C,H,S), 7.30-7.34 (m,
6 H, PPh,), 7.35-7.41 (m, 4 H, PPhy). *'P{'"H} NMR
(161.9 MHz, CDCly) 6§ -19.0 (s, PPh,) "C{'H} NMR
(100.6 MHz, CDCl,): 5 30.54 (s, CH,), 67.54 (s, CH CsH,), 68.38
(s, CH CsH,), 68.69 (s, CsHs), 86.91 (s, C7* C5H,), 125.88 (d, Jpc
= 8 Hz, CH C,H,S), 128.37 (d, Jpc = 7 Hz, CH PPh,), 128.71 (s,
CH PPh,), 133.02 (d, Jpc = 20 Hz, CH PPh,), 135.37 (d, Jpc = 27
Hz, CP*°-P C,H,S), 136.50 (d, Jpc = 28 Hz, CH C,H,S), 138.15 (d,
Jec = 8 Hz, CP% PPh,), 151.45 (s, C7*°~C C,H,S). HRMS (ESI+),
m/z calc. for C,,H,;FePS (M"): 466.0608; found: 466.0598.

Analytical data for 14. "H NMR (400 MHz, CDCl,): 6 3.57 (s, 2
H, CH,), 3.98 (vt, /' = 1.8 Hz, 2 H, C5H,), 4.01-4.04 (m, 4 H,
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CsHy), 4.28 (vt, J' = 1.8 Hz, 2 H, CsH,), 6.66 (ddt, J = 3.3, 1.0,
1.0 Hz, 1 H, C,H,S), 7.08 (dd, J = 6.4, 3.3 Hz, 1 H, C,H,S),
7.27-7.40 (m, 20 H, PPh,). *'P{'"H} NMR (161.9 MHz, CDCl;)
5 —19.0 (s, thiophene PPh,), —16.9 (s, ferrocene PPh,). "*C{'H}
NMR (100.6 MHz, CDCl,): § 30.06 (s, CH,), 68.92 (s, CH CsH,),
69.60 (s, CH C5H,), 71.69 (d, Jpc = 4 Hz, CH C5H,), 73.63 (d, Jpc
=15 Hz, CH CsH,), 75.73 (d, Jpc = 5 Hz, CP*°-P C5H,), 87.46 (s,
CPs°_C C5H,) 125.74 (d, Jpc = 8 Hz, CH C,H,S), 128.16 (d, Jpc =
7 Hz, CH PPh,), 128.37 (d, Jpc = 7 Hz, CH PPh,), 128.58 (s, CH
PPh,), 128.71 (s, CH PPh,), 133.02 (d, Jpc = 20 Hz, CH PPh,),
133.51 (d, Jpc = 19 Hz, CH PPh,), 135.37 (d, Jpc = 27 Hz, CP*-
P C4H,S), 136.47 (d, Joc = 27 Hz, CH C,H,S), 138.14 (d, Jpc =
8 Hz, C?*° PPh,), 138.91 (d, Jpc = 8 Hz, C?*° PPh,), 151.35 (s,
CPs°_C C,4H,S). HRMS (ESI+), m/z calc. for C3oHz,FeP,S (M'):
650.1049; found: 650.1060.

Preparation of 2. An oven-dried 25 mL flask was charged
with bromide 11 (328 mg, 0.90 mmol), flushed with nitrogen,
and sealed. Anhydrous THF (5 mL) was added, and the result-
ing solution was cooled to =78 °C in a dry ice/ethanol bath.
n-Butyllithium (0.36 mL of 2.5 M solution in THF, 0.9 mmol)
was slowly introduced, and the resulting mixture was stirred
with cooling for 45 min. Neat chloro-dicyclohexylphosphine
(0.19 ml, 0.9 mmol) was added dropwise, and the solution was
stirred with cooling for 15 min and then at room temperature
for 2 h. The reaction was terminated by adding distilled water
and ethyl acetate (15 mL each). The organic layer was separ-
ated, washed with brine, dried over MgSO,, and evaporated.
The residue was redissolved in dichloromethane (20 mL) and
evaporated with chromatographic alumina. The crude, pread-
sorbed product was transferred onto an alumina column
packed with cyclohexane-dichloromethane (20:1). Elution
with the same solvent mixture produced two orange bands.
The first orange band was discarded. Evaporation of the
second major orange band produced phosphine 2 as an
orange solid. Yield: 261 mg (61%).

'"H NMR (400 MHz, CDCl;): § 0.99-1.38 (m, 10 H, PCy,),
1.61-2.00 (m, 12 H, PCy,), 3.89 (s, 2 H, CH,), 4.07 (vt, J' =
1.8 Hz, 2 H, C;H,), 4.11 (vt, J = 2.0 Hz, 2 H, CsH,), 4.11-4.13
(m, 2 H, CsH,), 4.24 (vt,J' = 1.8 Hz, 2 H, CH CsH,), 6.75 (ddt,
J=3.3,1.1, 1.1 Hz, 1 H, C,H,;S), 6.88 (dd, J = 5.1, 3.3 Hz, 1 H,
C4H;S), 7.10 (dd, J = 5.1, 1.1 Hz, 1 H, C4H;S). *'P{'"H} NMR
(161.9 MHz, CDCl3) 6 —7.8 (s, PCy,). "*C{*"H} NMR (100.6 MHz,
CDCl;): 6 26.45 (s, CH, PCy,), 27.34 (d, Jpc = 7 Hz, CH, PCy,),
27.44 (d, Joc = 8 Hz, CH, PCy,), 30.08 (s, CH,), 30.27 (d, Jpc =
10 Hz, CH, PCy,), 30.39 (d, Jpc = 7 Hz, CH, PCy,), 33.56 (d,
Jec = 11 Hz, CH PCy,), 69.32 (s, CH CsH,), 69.50 (s, CH CsH,),
70.47 (d, Jec = 3 Hz, CH C5H,), 72.21 (d, Jpc = 11 Hz, CH C5H,),
87.75 (s, CP*-C CzH,), 123.31 (s, CH C,H;S), 124.45 (s,
CH C4H;S), 126.55 (s, CH C,H;S), 144.44 (s, C¥*° C4H;S). The
signal of ferrocene C*°-P was not observed. HRMS (ESI+), m/z
cale. for C,;HscFePS ([M + H]'): 479.1625; found: 479.1619.
Anal. calc. for C,,H;sFePS (478.5): C 67.78, H 7.37%. Found: C
67.93, H 7.22%.

Preparation of 15 and 16. An oven-dried 50 mL flask
equipped with a stirring bar was charged with 8 (1.031 g,
3.0 mmol), flushed with nitrogen, and sealed. Anhydrous THF

Dalton Trans., 2025, 54, 16611-16628 | 16619


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02216a

Open Access Article. Published on 20 October 2025. Downloaded on 12/21/2025 2:29:29 PM.

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

(cc)

Paper

(15 mL) was added, and the solution was cooled to —78 °C in a
dry ice/ethanol bath. #-Butyllithium (1.2 mL, 2.5 M solution in
THF, 3.0 mmol) was introduced, and the mixture was stirred
for 45 min (an orange precipitate formed during this time).
Neat 3-formylthiophene (0.31 ml, 3.3 mmol) was added drop-
wise, and the resulting mixture was stirred with cooling for
15 min and then at room temperature for 2 h. The reaction
was terminated by the addition of distilled water (25 mL) and
ethyl acetate (30 mL). The orange organic layer was separated,
washed with brine (30 mL), dried over MgSO,, filtered, and
evaporated under vacuum. The resulting orange residue was
dissolved in dichloromethane (20 mL) and evaporated with
alumina. The preadsorbed product was transferred onto an
alumina column packed with cyclohexane-ethyl acetate (8:1).
Elution with the same solvent mixture led to the development
of three bands. The first yellow band containing bromoferro-
cene and unreacted 8 (76 mg) was discarded. The second red-
orange band afforded ketone 16 (red oil, 64 mg, 6%). The
solvent was then changed to cyclohexane-ethyl acetate (1:1) to
elute an additional orange band due to the product.
Subsequent evaporation produced alcohol 15 as an orange oil.
The yield of 15 was 813 mg (72%).

Analytical data for 15.°> "H NMR (400 MHz, CDCl,): § 2.47
(d,J = 3.5 Hz, 1 H, CHOH), 4.13-4.16 (m, 2 H, CsH,), 4.21-4.23
(m, 1 H, CsH,), 4.23-4.27 (m, 2 H, CsH,), 4.33-4.35 (m, 1 H,
CsH,), 4.44 (q, ] = 1.7 Hz, 1 H, CsH,), 4.46 (q,J = 1.7 Hz, 1 H,
CsH,), 5.66 (d, J = 3.5 Hz, CHOH), 7.08 (dd, J = 5.0, 1.3 Hz, 1 H,
C,4H;S), 7.14-7.17 (m, 1 H, C,H;S), 7.26 (dd, J = 2.9, 2.1 Hz, 1 H,
C,4H;S). C{'"H} NMR (100.6 MHz, CDCl): § 67.65 (s, CH CsH,),
67.67 (s, CH CsH,), 68.01 (s, CHOH), 68.20 (s, CH CsH,), 69.47 (s,
CH CsH,), 70.59 (s, 2 x CH CsH,), 70.64 (s, CH CsH,), 70.75 (s,
CH CsH,), 77.86 (s, CP*° CsH,), 94.63 (s, CP® C5H,), 121.30 (s,
CH C,H;S), 125.85 (s, CH C,H,S), 126.20 (s, CH C,H,S), 144.81 (s,
CP* C,H,S). HRMS (ESI+), m/z cale. for C;5H,;BrFeNaOs (M +
Na]"): 398.9119; found: 398.9111. Anal. calc. for C;sH;;BrFeOS
(377.1): C 47.78, H 3.48%. Found: C 48.06, H 3.52%.

Analytical data for 16. "H NMR (400 MHz, CDCl,): § 4.15 (vt,
J =1.9 Hz, 2 H, CsH,), 4.44 (vt, ] = 1.9 Hz, 2 H, C5H,), 4.60 (vt,
J = 2.0 Hz, 2 H, CsH,), 4.99 (vt, J' = 2.0 Hz, 2 H, CsH,), 7.36
(dd, J = 5.0, 3.0 Hz, 1 H, C4H,S), 7.65 (dd, J = 5.0, 1.2 Hz, 1 H,
C,4H;S), 8.13 (dd, J = 3.0, 1.2 Hz, 1 H, C,H;S). *C{'"H} NMR
(100.6 MHz, CDCl,): 6§ 69.46 (s, CH CsH,), 72.01 (s, CH CsH,),
73.07 (s, CH CsHy), 75.15 (s, CH CsH,), 78.09 (s, CP*° CsH,),
80.77 (s, CP* CsH,), 125.81 (s, CH C,H;S), 127.93 (s, CH
C4H;S), 130.72 (s, CH C,H,S), 142.39 (s, C?*° C,H,S), 191.06 (s,
C=0). HRMS (ESI+), m/z calc. for C;sH;,BrFeOS (M + HJ"):
374.9143; found: 374.9128.

Preparation of 17. Alcohol 15 (525 mg, 1.39 mmol) was dis-
solved in anhydrous dichloromethane (25 mL) under nitrogen,
and the solution was cooled to 0 °C in an ice bath. Neat tri-
ethylsilane (0.24 mL, 1.53 mmol) followed by trifluoroacetic
acid (0.12 mL, 1.53 mmol) were added dropwise, and the
resulting brown-orange solution was stirred at room tempera-
ture overnight (18 h). The mixture was diluted with dichloro-
methane (15 mL) and washed with saturated aqueous NaHCO;
(2 x 30 mL) and brine (30 mL). The organic layer was separ-
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ated, dried over MgSO,, and evaporated. Subsequent chrom-
atography over a short silica gel column with hexane as the
eluent produced a minor yellow band, which was discarded.
The following major orange band was collected and evaporated
to produce 17 as an orange, very viscous oil (356 mg, 71%).

"H NMR (400 MHz, CDCl,): 6 3.72 (s, 2 H, CH,), 4.05 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.12 (vt, J' = 1.9 Hz, 2 H, CsH,), 4.15 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.33 (vt, J' = 1.9 Hz, 2 H, CsH,), 6.90 (ddt,
J=3.1,1.0, 1.0 Hz, 1 H, C,;H;S), 6.94 (dd, J = 4.9, 1.3 Hz, 1 H
C4H;3S), 7.22 (dd, J = 4.9, 3.1 Hz, 1 H, C,H;S). *C{'"H} NMR
(100.6 MHz, CDCL,): 6§ 29.66 (s, CH,), 67.72 (s, CH CsH,), 70.13
(s, CH CsH,), 70.75 (s, CH CsH,), 71.09 (s, CH CsH,), 78.17 (s,
CP%° C5Hy), 89.16 (s, C7*° C5Hy), 120.63 (s, CH C4H;S), 125.31
(s, CH C,H,S), 128.22 (s, CH C,H;S), 141.79 (s, C?*° C,H,S).
HRMS (ESI+), m/z calc. for Cy5H,;BrFeS (M"): 359.9271; found:
359.9264. Anal. calc. for C;5H;3BrFeS (361.1): C 49.90,
H 3.63%. Found: C 50.31, H 3.88%.

Preparation of 3. Compound 3 was prepared similarly to 1,
starting from bromide 17 (323 mg, 0.9 mmol) and choro-
diphenylphosphine (0.16 mL, 0.9 mmol). The crude product
was purified by flash chromatography over silica gel
(Interchim puriFlash, 30 pm, 40 g) using a Buchi Reveleris X2
automatic chromatograph and hexane-dichloromethane as the
eluent (flow rate of 40 mL min~"). The first three bands were
eluted using a mobile phase with increasing polarity (5 - 20%
dichloromethane). Evaporation of the first band produced 18
(21 mg, 8%), and the second orange band produced 19 (orange
oil; 32 mg, 8%). Evaporation of the third orange band pro-
duced phosphine 3 as an orange solid oil (226 mg, 54%). The
subsequent gradual change of the eluent to pure dichloro-
methane removed an additional, minor band containing 20
(orange viscous oil, 15 mg, 3%).

Analytical data for 3. "H NMR (400 MHz, CDCl;): § 3.45 (s,
2 H, CH,), 3.98 (vt, J' = 1.8 Hz, 2 H, C5H,), 4.03 (vt, J' = 1.8 Hz,
2 H, CsH,), 4.04 (vq, J' = 1.8 Hz, 2 H, CgH,), 4.31 (vt, ' = 1.8 Hz,
2 H, CsHy), 6.79 (ddt,J = 3.1, 1.1, 1.1 Hz, 1 H C,H;S), 6.84 (dd,
J =49, 1.3 Hz, 1 H C4H;S), 7.18 (dd, J = 4.9, 3.1 Hz, 1 H
C,H;S), 7.28-7.33 (m, 6 H, PPh,), 7.33-7.46 (m, 4 H, PPh,).
3'p{'H} NMR (161.9 MHz, CDCl;) § —16.8 (s, PPh,). "*C{'H}
NMR (100.6 MHz, CDCl;): 6 30.12 (s, CH,), 68.84 (s, CH CsH,),
69.74 (s, CH CsH,), 71.65 (d, Jpc = 4 Hz, CH CsH,), 73.56 (d,
Jec = 15 Hz, CH CsH,), 75.39 (d, Jpc = 4 Hz, CP°-P CsH,),
88.20 (s, C7*° CsH,), 120.47 (s, CH C,H,S), 125.16 (s, CH
C,4H;S), 128.16 (s, CH C4H,S), 128.16 (d, Jpc = 7 Hz, CH PPh,),
128.59 (s, CH PPh,), 133.53 (d, Jec = 19 Hz, CH PPh,), 138.82
(d, Joc = 8 Hz, C?*° PPh,), 141.96 (s, C7*° C,H;S). HRMS (ESI+),
m/z cale. for C,;H,,FePS ([M + H]'): 467.0686; found: 467.0680.
Anal. calc. for C,;H,3FePS (466.4): C 69.54, H 4.97%. Found:
C 69.23, H 4.59%.

Analytical data for 18. "H NMR (400 MHz, CDCl,): 6 3.70 (s,
2 H, CH,), 4.08 (vt, J' = 1.9 Hz, 2 H, C;H,), 4.10 (vt, J' = 1.9 Hz,
2 H, CsH,), 4.11 (s, 5 H, CsHs), 6.90 (ddd, J = 3.1, 1.2, 1.2 Hz,
1 H C,H;S), 6.94 (dd, J = 4.9, 1.2 Hz, 1 H, C,H;S), 7.22 (dd, J =
4.9, 3.1 Hz, 1 H, C,H;S).

Analytical for 19. "H NMR (400 MHz, CDCl,): § 3.88 (d, J =
1.5 Hz, 2 H, CH,), 4.00 (vt, J' = 1.8 Hz, 2 H, CgH,), 4.03 (vt, J' =
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1.8 Hz, 2 H, C5H,), 4.09 (s, 5 H, C;H;), 6.95 (dd, J = 5.0, 2.8 Hz,
1 H, C4H,S), 7.29-7.42 (m, 10 H PPh, and 1 H C,H,S). *'P{'H}
NMR (161.9 MHz, CDCl;) § —27.7 (s, PPh,). "*C{'"H} NMR
(100.6 MHz, CDCl5): 5 30.18 (d, Jpc = 16 Hz, CH,), 67.35 (s, CH
CsH,), 68.65 (s, CsHs), 68.72 (s, CH CsH,), 87.56 (s, CP*° CsH,),
128.39 (d, Jpc = 7 Hz, CH PPh,), 128.79 (s, CH PPh,), 129.84 (d,
Jec = 5 Hz, CH C4H,S), 130.81 (s, CH C,H,S), 131.03 (d, Jpc =
28 Hz, CP*°-P C,4H,S), 133.25 (d, Jpc = 20 Hz, CH PPh,), 137.62
(d, Joc = 8 Hz, CP* PPh,), 150.00 (d, Joc = 26 Hz, CP%"-
C C,4H,S). HRMS (ESI+), m/z calc. for C,,H,,FePS (M + H]"):
467.0686; found: 467.0678

Analytical data for 20. "H NMR (400 MHz, CDCl,): § 3.39 (s,
2 H, CH,), 3.98 (vt,J' = 1.8 Hz, 2 H, CsH,), 3.99-4.04 (m, 4 H,
CsH,), 4.27 (vt, J' = 1.8 Hz, 2 H, C5H,), 7.01 (dt, J = 1.1, 1.1 Hz,
1 H, C,H,S), 7.04 (dd, J = 6.0, 1.4 Hz, 1 H, C,H,S), 7.26-7.39
(m, 20 H, PPh,). *'P{'"H} NMR (161.9 MHz, CDCl;) § —16.8 (s,
ferrocene PPh,), —19.2 (s, thiophene PPh,). “*C{'H} NMR
(100.6 MHz, CDCl5): & 30.00 (s, CH,), 68.84 (s, CH C5H,), 69.71
(s, CH CsH,), 71.59 (d, Jec = 4 Hz, CH C5H,), 73.56 (d, Jpc =
15 Hz, CH C3H,), 87.85 (s, C?°-C C5H,), 127.54 (s, CH C,H,S),
128.11 (d, Joc = 7 Hz, CH PPhy), 128.41 (d, Jpc = 7 Hz,
CH PPh,), 128.59 (s, CH PPh,), 128.82 (s, CH PPh,), 133.08 (d,
Jec = 20 Hz, CH PPh,), 133.53 (d, Jpc = 19 Hz, CH PPh,), 137.52
(d, Joc = 26 Hz, CH C4H,S), 137.73 (d, Jpc = 27 Hz, CP¥-
P C,H,S), 137.92 (d, Jpc = 9 Hz, C?*° PPh,), 138.84 (d, Jpc = 8
Hz, CP° PPh,), 143.02 (d, Jpc = 8 Hz, CP*-C C,H,S). The
signal of ferrocene C7*°~P was not detected. HRMS (ESI+), m/z
calc. for C3oH;3FeP,S (M + H]'): 651.1128; found: 651.1123.

Preparation of 21-BH; and 22-BHj;. A dry 250 mL flask was
charged with 6-BH; (1.389 g, 3.0 mmol) and anhydrous THF
(70 mL), and the solution was cooled to —78 °C in a dry ice/
ethanol bath. n-Butyllithium (1.3 mL, 2.5 M solution in THF,
3.3 mmol) was added, and the mixture was stirred for 30 min.
Then, neat 5-formylthiazole (0.32 ml, 3.3 mmol) was intro-
duced dropwise, and the resulting mixture was stirred with
cooling for 15 min and at room temperature for 2 h. The reac-
tion was terminated by adding distilled water and ethyl acetate
(60 mL each). The orange organic layer was separated, washed
with brine (30 mL), dried over MgSO,, filtered, and evaporated
under vacuum. The red-orange residue was dissolved in di-
chloromethane (30 mL) and evaporated with alumina. The pre-
adsorbed crude product was transferred onto an alumina
column packed with cyclohexane-ethyl acetate (3:1). Elution
with the same solvent led to the removal of nonpolar bypro-
ducts (275 mg). The second red band was collected using
cyclohexane-ethyl acetate (1: 1) as the eluent and, after evapor-
ation, afforded 22-BH; as a red oil (46 mg, 2%). The eluent was
then changed to ethyl acetate-methanol (100:1) to elute the
product as an orange band. Subsequent evaporation produced
alcohol 21-BH; as an orange powder. The yield of 21-BH; was
917 mg (61%).

Analytical data for 21-BH; 'H NMR (400 MHz, CDCl,):
5 0.71-1.86 (br m, 3 H, BH;), 2.67 (d, J ~ 3.7 Hz, 1 H, CHOH),
4.06-4.09 (m, 1 H, CsH,), 4.09-4.12 (m, 1 H, CsH,), 4.22 (dt, ] =
2.6, 1.3 Hz, 1 H CsH,), 4.31 (dt, J = 2.6, 1.3 Hz, 1 H CsH,), 4.47
(q,J = 1.9 Hz, 2 H, C5H,), 4.53-4.59 (m, 2 H, CsH,), 5.55 (d, J =
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3.3 Hz, 1 H, CHOH), 7.37-7.53 (m, 6 H, Pth), 7.53-7.68 (m, 4
H PPh, and 1 H C3H,NS), 8.70 (s, 1 H, C;H,NS). *'P{'"H} NMR
(161.9 MHz, CDCl;) § 15.7 (br d, PPh,-BH;). “C{"H} NMR
(100.6 MHz, CDCl;): 6 65.89 (s, CHOH), 67.43 (s, CH CsH,),
69.04 (s, CH CsH,), 69.87 (s, CH CsH,), 69.90 (d, Joc = 68 Hz,
CP°-p CsH,), 70.12 (s, CH CsHy), 72.50 (d, Jpc = 8 Hz, CH
CsHy), 72.65 (d, Jec = 8 Hz, CH C5H,), 73.32 (d, Jpc = 10 Hz, CH
CsH,), 73.72 (d, Jec = 10 Hz, CH C3H,), 93.37 (s, CP*°-C, CsH,),
128.57 (d, Jpc = 10 Hz, CH PPh,), 128.58 (d, Jpc = 10 Hz, CH
PPh,), 130.53 (d, Jpc = 6 Hz, 2 x CP¥ PPh,), 131.11 (d, Jpc =
2 Hz, CH PPh,), 131.15 (d, Jpc = 2 Hz, CH PPh,), 132.58 (d,
Jec = 10 Hz, CH PPh,), 132.68 (d, Jpc = 10 Hz, CH PPh,), 140.23
(s, CH C3H,NS), 142.13 (s, CP* C3H,NS), 152.93 (s, CH
C3H,NS). HRMS (ESI+), m/z calc. for C,sH,;BFeNNaOPS
(M + Na]"): 520.0735; found: 520.0728. Anal. calc. for
C,H,5BFeNOPS (497.2): C 62.81, H 5.07, N 2.82%. Found:
C 62.58, H 4.90, N 2.64%.

Analytical data for 22-BH; 'H NMR (400 MHz, CDCly):
5 0.63-1.78 (br m, 3 H, BHj;), 4.49 (vq, J' = 2.0 Hz, 2 H, CsH,),
4.56 (vtd, J' = 2.0, 1.1 Hz, 2 H, CsH,), 4.64 (vt, J' = 2.0 Hz, 2 H,
CsH,), 4.88 (vt, J/ = 2.0 Hz, 2 H, C;H,), 7.38-7.45 (m, 4 H,
PPh,), 7.45-7.51 (m, 2 H, PPh,), 7.52-7.59 (m, 4 H, PPh,),
8.42 (s, 1 H, C3H,NS), 8.97 (s, 1 H, C3H,NS). *'P{'"H} NMR
(161.9 MHz, CDCl;) § 15.4 (br d, PPh,-BH;). “C{"H} NMR
(100.6 MHz, CDCl3): 6 71.40 (s, CH CsH,), 71.73 (d, Jpc =
66 Hz, CP°-P C;H,), 74.47 (d, Jpc = 10 Hz, CH C5H,), 74.97 (d,
Jec = 7 Hz, CH CsH,), 75.04 (s, CH CgH,), 79.30 (s, C?*-C
CsH,). 128.62 (d, Jpc = 10 Hz, CH PPh,), 130.41 (d, Jpc = 59 Hz,
CPs° pph,), 131.24 (d, Jpc = 3 Hz, CH PPh,), 132.55 (d, Jpc =
10 Hz, CH PPh,), ca. 139.4 (s, C¥* C3H,NS), 146.43 (s, CH
C;H,NS), 157.64 (s, CH C3H,NS), 187.90 (s, C—0). HRMS
(ESI+), m/z calc. for CyeH,,BFeNOPS (M + HJ"): 496.0759;
found: 496.0758.

Reduction of 21-BH;. Alcohol 21-BH; (479 mg, 0.96 mmol)
was dissolved in anhydrous dichloromethane (30 mL) under
nitrogen, and the solution was cooled to 0 °C in an ice bath.
Neat triethylsilane (0.46 mL, 2.9 mmol) followed by trifluoroa-
cetic acid (0.22 mL, 2.9 mmol) were added dropwise, and the
resulting orange solution was stirred at room temperature over-
night (approximately 18 h). The mixture was then diluted with
dichloromethane (15 mL) and washed with saturated aqueous
NaHCO; (2 x 30 mL) and brine (30 mL). The organic layer was
separated, dried over MgSO,, and evaporated. Chromatography
was then performed on a short silica gel column. Elution with
dichloromethane removed a minor yellow band, which was
discarded. The following major orange band was evaporated to
produce a mixture of 4-BH; and 4 in an approximately 85: 15
ratio. Yield: 139 mg, orange “solid” oil.

Analytical data for 4-BH; 'H NMR (400 MHz, CDCl,):
5 0.65-1.67 (br m, 3 H, BHj;), 3.58 (s, 2 H, CH,), 4.03 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.13 (vt,J' = 1.9 Hz, 2 H, CsH,), 4.37 (vq, ] =
1.9 Hz, 2 H, C5H,), 4.48 (vq, /' = 1.9 Hz, 2 H, Cs5H,), 7.40-7.53
(m, 6 H PPh, and 1 H C;H,NS), 7.55-7.65 (m, 4 H PPh,), 8.64
(s, 1 H, G3H,NS). *'P{'H} NMR (161.9 MHz, CDCl;) § 15.7
(br d, PPh,-BH;). MS (ESI+), m/z calc. for C,sH,;BFeNNaPS
(IM + Na]"): 504.1; found: 504.0.
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Preparation of 4. The mixture of 4-BH; and 4 from the pre-
ceding step (139 mg) and 1,4-diazabicyclo[2.2.2]octane (65 mg,
0.58 mmol) was dissolved in anhydrous THF (10 mL) under
nitrogen, and the mixture was stirred at room temperature
overnight and evaporated under vacuum. The orange residue
was dissolved in a minimum of dichloromethane-methanol
(75:1) and transferred onto a silica gel column. Elution with
the same solvent mixture produced an orange band, which
was collected and evaporated, leaving pure 4 as an orange
solid. The yield was 115 mg (26% over the two steps).

'H NMR (400 MHz, CDCL,): § 3.60 (s, 2 H, CH,), 4.01-4.04
(m, 2 H, CsH,), 4.04-4.06 (m, 2 H, CsH,), 4.08 (vq, J' = 1.9 Hz,
2 H, CsH,), 4.34 (vt, J' = 1.9 Hz, 2 H, C;H,), 7.28-7.34 (m, 6 H,
PPh,), 7.34-7.41 (m, 4 H, PPh,), 7.49 (s, 1 H, C;H,NS), 8.61 (s,
1 H, CzH,NS). *'P{'"H} NMR (161.9 MHz, CDCl;) § —17.0 (s,
PPh,). "*C{'H} NMR (100.6 MHz, CDCl;): § 26.61 (s, CH,),
69.05 (s, CH CsH,), 69.42 (s, CH CsH,), 71.62 (d, Jec = 4 Hz,
CH CsH,), 73.69 (d, Joc = 15 Hz, CH CsHy), 76.24 (d, Jpc = 7 Hz,
C'P*°-P C5H,), 87.10 (s CP*-C CsH,), 128.18 (d, Jpc = 7 Hz, CH
PPh,), 128.56 (s, CH PPh,), 133.53 (d, Jpc = 19 Hz, CH PPh,),
138.48 (s, C*° C4H,NS), 139.08 (d, Jpc = 10 Hz, C?*° PPh,),
140.45 (s, CH C3H,NS), 151.67 (s, CH C3H,NS). HRMS (ESI+),
m/z cale. for CyH,3FeNPS (M + HJ'): 468.0638; found:
468.0645. Anal. calc. for C,sH,,FeNPS-0.15CH,Cl, (480.1):
C 65.42, H 4.68, N 2.92%. Found: C 65.61, H 4.36, N 2.87%.
The amount of residual dichloromethane was corroborated by
NMR analysis.

Preparation of 23-BH; and 24-BH;. To a dry 250 mL flask
charged with bromide 6-BH; (1.389 g, 3.0 mmol), anhydrous
THF (70 mL) was added, and the solution was cooled to
—78 °C in a dry ice/ethanol bath. n-Butyllithium (2.1 mL, 1.6 M
solution in THF, 3.3 mmol) was added, and the mixture was
stirred for 30 min (during this time, the orange solution dar-
kened). Neat 2-formylthiazole (0.29 ml, 3.3 mmol) was added
dropwise, and the resulting mixture was stirred with cooling
for 15 min and then for another 2 h at room temperature. The
reaction was terminated by adding distilled water and ethyl
acetate (50 mL each). The orange organic layer was separated,
washed with brine (60 mL), dried over MgSO,, filtered, and
evaporated under vacuum. The red-orange residue was redis-
solved in dichloromethane (30 mL) and evaporated with
alumina. The preadsorbed product was transferred onto a
silica gel column packed with hexane-ethyl acetate (3:1).
Elution with the same solvent mixture led to the isolation of
the first yellow band containing nonpolar byproducts (377 mg)
and the second red band, which, after evaporation, afforded
24-BH; as a red oil (89 mg, 5%). The mobile phase was then
changed to ethyl acetate-methanol (100:1) to elute the
product. Following evaporation, alcohol 23-BH; was obtained
as an orange powder. The yield of 23-BH; was 888 mg (60%).

Analytical data for 23-BH; 'H NMR (400 MHz, CDCly): §
0.72-1.89 (br m, 3 H, BH3), 3.21 (d, J = 4.6 Hz, 1 H, CHOH),
4.06-4.10 (m, 2 H, CsH,), 4.32 (t, J = 2.0 Hz, 2 H, CsH,),
4.43-4.48 (m, 2 H, CsH,), 4.49-4.53 (m, 1 H, CsH,), 4.53-4.57
(m, 1 H, CsH,), 5.54 (d, J = 4.6 Hz, 1 H, CHOH), 7.25-7.27 (m,
1 H, C3H,NS; the signal overlaps with the solvent resonance),
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7.38-7.45 (m, 4 H, PPh,), 7.45-7.51 (m, 2 H, PPh,), 7.55-7.62
(m, 4 H, PPh,), 7.69 (d, J = 3.2 Hz, 1 H, C;H,NS). *'P{'"H} NMR
(161.9 MHz, CDCl;) § 15.4 (br d, PPh,-BH;). “C{"H} NMR
(100.6 MHz, CDCl3): 6 67.73 (s, CH CsH,), 69.10 (s, CH CsH,),
69.67 (s, CHOH), 69.69 (d, Jpc = 68 Hz, CP*°-P C3H,), 70.14 (s,
CH C;Hy), 70.20 (s, CH CsH,), 72.72 (d, Jpc = 8 Hz, CH CsH,),
72.85 (d, Jpc = 8 Hz, CH CsHy), 73.42 (d, Jpc = 10 Hz, CH C5H,),
73.61 (d, Jpc = 8 Hz, CH CsH,), 91.87 (s, C?*>-C C3H,), 118.98
(s, CH C3H,NS), 128.53 (d, J = 10 Hz, 2 x CH PPh,), ~#130.9 (2 x
d, Jec ~ 60 Hz, C?*° PPh,), 131.05 (2 x d, Jpc ~ 2 Hz, CH PPh,),
132.58 (d, Jpc = 3 Hz, CH PPh,), 132.67 (d, Jpc = 3 Hz, CH
PPh,), 142.23 (s, CH C3H,NS), 173.46 (s, C?* C;H,NS). HRMS
(ESI+), m/z calc. for C,sH,;BFeNNaOPS ([M + Na]"): 520.0735;
found: 520.0738. Anal. calc. for C,gH,sBFeNOPS-0.1CH,Cl,
(505.7): C 61.99, H 5.02, N 2.77%. Found: C 62.01, H 4.93, N
2.62%.

Analytical data for 24-BH; 'H NMR (400 MHz, CDCly):
5 0.66-1.79 (br m, 3 H, BH3), 4.44-4.48 (m, 4 H, CsH,), 4.63 (vt,
J = 2.0 Hz, 2 H, CsH,), 5.37 (vt, J' = 2.0 Hz, 2 H, CsH,),
7.37-7.51 (m, 6 H, PPh,), 7.51-7.60 (m, 4 H, PPh,), 7.63 (d, J =
3.1 Hz, 1 H, C3H,NS), 7.99 (d, J = 3.1 Hz, 1 H, C3H,NS). *'P{'H}
NMR (161.9 MHz, CDCl;) § 15.5 (br d, PPh,-BH;). “*C{'H}
NMR (100.6 MHz, CDCL): § 71.19 (d, Joc = 67 Hz, CP-p
CsH,), 73.21 (s, CH CsHy), 74.46 (d, Jpc = 10 Hz, CH CsH,),
74.95 (d, Jpc = 7 Hz, CH CsH,), 75.58 (s, CH CsH,), 125.09 (s,
CH C;H,NS), 128.54 (d, Jpc = 10 Hz, CH PPh,), 130.60 (d, Jpc =
59 Hz, C¥*° PPh,), 131.11 (d, Jpc = 2 Hz, CH PPh,), 132.56 (d,
Jec = 10 Hz, CH PPh,), 144.70 (s, CH C3H,NS), 168.25 (s, C?*
C3H,NS), 183.32 (s, C=0). The resonance due to ferrocene
C'P*°_C was not observed, presumably due to an overlap with
the solvent signal. HRMS (ESI+), m/z calc. for C,sH,,BFeNOPS
(IM + H]"): 496.0759; found: 496.0758.

Reduction of 23-BH;. Alcohol 23-BH; (641 mg, 1.3 mmol)
was dissolved in anhydrous dichloromethane (40 mL) under
nitrogen, and the solution was cooled to 0 °C in an ice bath.
Neat triethylsilane (0.63 mL, 3.9 mmol) followed by trifluoroace-
tic acid (0.30 mL, 3.9 mmol) were introduced dropwise, and the
resulting orange solution was stirred at room temperature over-
night (approximately 18 h). On the following day, the mixture
was diluted with dichloromethane (15 mL) and washed with
saturated aqueous NaHCO; (2 x 40 mL) and brine (40 mL). The
organic layer was separated, dried over MgSO,, and evaporated.
Subsequent chromatography on a short silica gel column using
dichloromethane as the eluent produced a minor yellow and
then a pinkish band, which were discarded. The following
major orange band was evaporated to produce a mixture of
5-BH; and 5 in a 75 : 25 ratio. Yield: 147 mg, orange “solid” oil.

Analytical data for 5-BH; 'H NMR (400 MHz, CDCly):
5 0.69-1.77 (br m, 3 H, BH3), 3.74 (s, 2 H, CH,), 4.07 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.20 (vt,J' = 1.9 Hz, 2 H, C;H,), 4.38 (vq,J =
2.0 Hz, 2 H, CsH,), 4.46-4.48 (m, 2 H, CsH,), 7.15 (d, J = 3.3
Hz, 1 H, C;H,NS), 7.39-7.51 (m, 6 H, PPh,), 7.55-7.63 (m, 4 H,
PPh,), 7.64 (d, J = 3.3 Hz, 1 H, C3H,NS). *'P{'H} NMR
(161.9 MHz, CDCl3) § 15.9 (br d, PPh,-BH3). MS (ESI+), m/z
cale. for C,¢H,;FeNPS (M — BH; + HJ'): 468.1; found: 468.1;
m/z cale. for C,¢H,5BFeNNaPS ([M + Na]"): 504.1; found: 504.2.
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Preparation of 5. The mixture of 5-BH; and 5 from the pre-
ceding step (147 mg) and 1,4-diazabicyclo[2.2.2]octane (68 mg,
0.6 mmol) were dissolved in anhydrous THF (10 mL) under
nitrogen, and the mixture was stirred at room temperature
overnight and evaporated under vacuum. The orange residue
was dissolved in a minimum of dichloromethane-methanol
(75:1) and transferred onto a silica gel column. Elution with
the same solvent mixture removed an orange band, which was
collected and evaporated to give 5 as an orange solid. The yield
was 115 mg (19% over the two steps).

'H NMR (400 MHz, CDCL,): 6 3.81 (s, 2 H, CH,), 4.04 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.07 (vq, J' = 1.9 Hz, 2 H, CsH,), 4.15 (vt, J' =
1.9 Hz, 2 H, CsH,), 4.34 (vt, J' = 1.9 Hz, 2 H, CsH,), 7.14 (d, J =
3.3 Hz, 1 H, C3H,NS), 7.28-7.33 (m, 6 H, PPh,), 7.33-7.41 (m,
4 H, PPh,), 7.64 (d, J = 3.3 Hz, 1 H, C;H,NS). *'P{1H} NMR
(161.9 MHz, CDCl;) 6 -17.0 (s, PPhy). “C{'H} NMR
(100.6 MHz, CDCL,): 6 33.29 (s, CH,), 69.34 (s, CH C5H,), 69.91
(s, CH CsH,), 71.75 (d, Jec = 4 Hz, CH CsHy), 73.68 (d, Jpc =
15 Hz, CH CsH,), 76.30 (d, Joc = 6 Hz, CP*-P CsH,), 85.18
(s CP*°-C C5H,), 118.46 (s, CH C3H,NS), 128.17 (d, Jpc = 7 Hz,
CH PPh,), 128.54 (s, CH PPh,), 133.51 (d, Jpc = 19 Hz, CH
PPh,), 139.09 (d, Joc = 9 Hz, C¥*° PPh,), 142.21 (s, CH
C3H,NS), 170.40 (s, C?*° C3H,NS). HRMS (ESI+), m/z calc. for
C6H,3FeNPS ([M + H]"): 468.0638; found: 468.0634. Anal. calc.
for C,6H,,FeNPS (467.3): C 66.82, H 4.75, N 3.00%. Found:
C 66.89, H 4.76, N 2.93%.

Synthesis of Pd(u) complexes

Preparation of [PdCl,(1-kP),] (25). A 25 mL flask equipped
with a stirring bar was charged with 1 (38.2 mg, 0.082 mmol)
and [PdCl,(MeCN),] (10.4 mg, 0.040 mmol). The solid educts
were dissolved in dry dichloromethane (4 mL), and the result-
ing red solution was stirred for 30 min. Subsequent evapor-
ation produced complex 25 as a red solid. The yield was
44.3 mg (quantitative).

"H NMR (400 MHz, CDCL,): 6 3.82 (s, 2 H, CH,), 4.34 (vt, J' =
1.9 Hz, 4 H, C5H,), 4.48 (vt, J' = 1.9 Hz, 2 H, CsH,), 4.54 (vt, ]’ =
1.9 Hz, 2 H, CsH,), 6.72 (ddt, J = 3.3, 1.1, 1.1 Hz, 1 H, C,H;S),
6.88 (dd, J = 5.1, 3.3 Hz, 1 H, C4H;S), 7.10 (dd, J = 5.1, 1.1 Hz,
1 H, C,H,S), 7.31-7.45 (m, 6 H, PPh,), 7.60-7.67 (m, 4 H,
PPh,). *'P{"H} NMR (161.9 MHz, CDCl;) § 15.1 (s, -PPh,). **C
{"H} NMR (100.6 MHz, CDCl): § 29.81 (s, CH,), 70.19 (s, CH
CsH,), 70.77 (s, CH CsH,), 71.50 (t, Jpc = 28 Hz, CP¥-P C5H,),
72.78 (t, Joc = 4 Hz, CH C5Hy), 76.05 (t, Joc = 5 Hz, CH C5Hy,),
88.91 (s, CP*-C CsH,), 123.39 (s, CH C,H,S), 124.66 (s, CH
C,H;S), 126.56 (s, CH C,H;S), 127.70 (t, Joc = 5 Hz, CH PPh,),
130.22 (s, CH PPh,), 131.40 (t, Jpc = 25 Hz, C7*° PPh,), 134.19
(t, Joc = 6 Hz, CH PPh,), 143.97 (s, C?*° C,H;S). HRMS (ESI+),
m/z cale. for Cs4HyClFe,P,PdS, (M'): 1107.9627; found:
1107.9611. Anal. calc. for Cs4HsClyFe,P,PdS, (1110.0):
C 58.43, H 4.18%. Found: C 58.36, H 4.13%.

Preparation of [PdCl,(2-kP),] (26). A solution of ligand 2
(43.2 mg, 0.090 mmol) in dry dichloromethane (4 mL) was
added to solid [PdCl,(MeCN),] (11.4 mg, 0.044 mmol), and the
resulting dark orange solution was stirred for 30 min.
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Subsequent evaporation afforded complex 26 as an orange
viscous oil. The yield was 58.9 mg (quantitative).

'H NMR (400 MHz, CDCl;), § 1.19-1.38 (m, 6 H, PCy,),
1.64-1.68 (m, 10 H, PCy,), 2.05-2.15 (m, 2 H, PCy,), 2.29-2.39
(m, 2 H, PCy,), 2.54-2.66 (m, 2 H, PCy,), 3.95 (s, 2 H, CH,),
4.32 (vt,J' = 1.9 Hz, 2 H, C5H,), 4.33 (vt,J' = 1.8 Hz, 2 H, C5H,),
4.41 (vt,J' = 1.8 Hz, 2 H, CsH,), 4.68 (vt, J' = 1.9 Hz, 2 H, CsH,),
6.78 (ddt, = 3.3, 1.0, 1.0 Hz, 1 H, C,H;S), 6.89 (dd, J = 5.1, 3.3
Hz, 1 H, C4H,S), 7.10 (dd, J = 5.1, 1.2 Hz, 1 H, C,H;S). *'P{'H}
NMR (161.9 MHz, CDCl;) § 17.9 (s, PCy,). "*C{'"H} NMR
(100.6 MHz, CDCL;): § 26.32 (s, CH, PCy,), 27.49 (t, Jpc = 6 Hz,
CH, PCy,), 27.65 (t, Joc = 6 Hz, CH, PCy,), 28.82 (s, CH, PCy,),
29.94 (s, CH,), 30.10 (s, CH, PCy,), 36.84 (t, Jpc = 12 Hz, CH
PCy,), 70.15 (s, CH CsH,), 70.49 (s, CH CsH,), 71.32 (t, Joc = 3
Hz, CH CsH,), 72.22 (t, Joc = 20 Hz, CP*-P CsH,), 75.31 (t,
Jec = 5 Hz, CH CsH,), 88.61 (s, C¥*-C CsH,), 123.33 (s, CH
C4H,S), 124.62 (s, CH C,H,S), 126.56 (s, CH C,H;S), 144.19 (s,
CPs° C,H,S). HRMS (ESI+), m/z calc. for Cs4H,oClFe,P,PdS,
(M — CIT"): 1097.1816; found: 1097.1827. Anal. calc. for
Cs4H5,Cl,Fe,P,PdS, (1134.2): C 57.18, H 6.22%. Found: C
56.82, H 6.05%.

Preparation of [PdCl,(3-kP),] (27). A solution of ligand 3
(14.0 mg, 0.030 mmol) in dry CDCl; (1 mL) was added to solid
[PACl,(MeCN),] (3.9 mg, 0.015 mmol), and the red solution
was stirred for 30 min. The following evaporation produced
complex 27 as a red powder. The yield was 16.4 mg
(quantitative).

"H NMR (400 MHz, CDCl,): & 3.65 (s, 2 H, CH,), 4.30-4.33
(m, 4 H, CgH,), 4.46 (vt, J' = 1.8 Hz, 2 H, CsH,), 4.52 (vt, ] = 1.8
Hz, 2 H, CsH,), 6.84 (ddt, J = 3.1, 1.1, 1.1 Hz, 1 H, C,H,S), 6.88
(dd, J = 4.9, 1.3 Hz, 1 H, C4H,;S), 7.20 (dd, J = 4.9, 3.1 Hz, 1 H
C4H;S), 7.28-7.45 (m, 6 H, PPh,), 7.57-7.68 (m, 4 H, PPh,). *'P
{"H} NMR (161.9 MHz, CDCl;) § 15.1 (s, PPh,). C{"H} NMR
(100.6 MHz, CDCl;): § 30.24 (s, CH,), 70.34 (s, CH CsH,), 70.65
(s, CH CsH,), 71.35 (t, Jpc = 28 Hz, CP°-P C5H,), 72.68 (t, Jpc =
4 Hz, CH CsH,), 75.96 (t, Joc = 5 Hz, CH C5H,), 89.02 (s, C7%-
C CsH,), 120.69 (s, CH C4H;S), 125.20 (s, CH C4H;S), 127.67 (t,
Jec = 5 Hz, CH PPh,), 128.24 (s, CH C4H,S), 130.19 (s, CH
PPh,), 131.43 (t, Jpc = 25 Hz, C?*° PPh,), 134.19 (t, Jpc = 6 Hz,
CH PPh,), 141.77 (s, C?*° C4H;S). HRMS (ESI+), m/z calc. for
Cs4H46CIFe,P,PdS, ([M — CI]"): 1072.9938; found: 1072.9974.
Anal. cale. for C5,H,6Cl,Fe,P,PdS,-0.2CDCl; (1134.1): C 57.40,
H 4.12%. Found: C 57.66, H 3.91%.

Preparation of [PdCl(p-Cl)(2-kP)], (28). A 25 mL flask
equipped with a stirring bar was charged with 2 (19.1 mg,
0.040 mmol) and [PdCl,(MeCN),] (10.4 mg, 0.040 mmol). The
solids were dissolved in dry dichloromethane (3 mL, neutral-
ised by passing through an alumina column before use), and
the resulting dark brown solution was stirred for 30 min.
Subsequent evaporation produced complex 28 as a brown
solid. The yield was 26.1 mg (quantitative).

'H NMR (400 MHz, CDCl3), 6 1.15-1.42 (m, 6 H, PCy,),
1.49-1.85 (m, 10 H, PCy,), 2.02-2.10 (m, 2 H, PCy,), 2.30-2.47
(m, 4 H, PCy,), 3.98 (br s, 2 H, CH,), 4.41 (br s, 2 H, CsH,),
4.45 (br s, 2 H, CsH,), 4.54 (br s, 2 H, CsH,), 4.60 (br s, 2 H,
CsH,), 6.81-6.84 (m, 1 H, C,H;S), 6.89 (dd, J = 5.1, 3.4 Hz, 1 H,
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C4H3S), 7.11 (dd, J = 5.1, 1.2 Hz, 1 H, C4H,S). *'P{1H} NMR
(161.9 MHz, CDCl;) 6 50.8 (s, PCy,). *C{1H} NMR (100.6 MHz,
CDCl;): 6 25.98 (s, CH, PCyy,), 27.16 (d, Jec = 12 Hz, CH, PCy,),
27.21 (d, Jec = 14 Hz, CH, PCy,), 28.87 (s, CH, PCy,), 29.83 (s,
CH,), 30.08 (s, CH, PCy,), 38.82 (d, Joc = 28 Hz, CH PCy,),
69.30 (d, Jpc = 52 Hz, CP**-P CsH,), 71.04 (s, CH CsH,), 71.69
(s, CH CsH,), 72.09 (d, Jpc = 8 Hz, CH CsH,), 74.75 (d, Jpc =
9 Hz, CH CsH,), 89.41 (s, C?°-C CsH,), 123.41 (s, CH C,H;S),
124.87 (s, CH C,H,;S), 126.64 (s, CH C,H,S), 143.84 (s, CP*°
C4H;S). MS (ESI+), m/z calc. for Cs4H;,Cl,Fe,NaP,Pd,S,
(M + NaJ): 1335.0; found: 1335.2; m/z cale. for
Cs4H7ClFe,KP,Pd,S, (M + K]): 1351.0; found: 1351.1. Anal.
cale. for Cs4H;0ClyFe,P,Pd,S, (1311.6): C 49.45, H 5.38%.
Found: C 49.37, H 5.38%.

Preparation of [PdCl,(4-kP),] (29). A solution of ligand 4
(11.5 mg, 0.025 mmol) in dry CDCl; (1 mL) was added to solid
[PdCI,(MeCN),] (3.2 mg, 0.012 mmol), and the resulting
orange solution was stirred for 30 min. Subsequent evapor-
ation produced solvated complex 29 as an orange powder. The
yield of 29-0.4CDClI; was 14.1 mg (quantitative).

"H NMR (400 MHz, CDCL,): 6 3.86 (s, 2 H, CH,), 4.32 (vt, J' =
1.9 Hz, 2 H, C5H,), 4.35 (vt, J' = 2.0 Hz, 2 H, CsH,), 4.46 (vt, ] =
1.9 Hz, 2 H, CsH,), 4.54 (vt, J' = 2.0 Hz, 2 H, CsH,),
7.31-7.44 (m, 6 H, PPh,), 7.56 (br s, 1 H, C3H,NS), 7.59-7.66
(m, 4 H, PPh,), 871 (br s, 1 H, C;H,NS). *'P{'H} NMR
(161.9 MHz, CDCl;) § 14.9 (s, PPh,). "*C{'"H} NMR (100.6 MHz,
CDCLy): 6 26.77 (s, CH,), 70.08 (s, CH CgH,), 70.81 (s,
CH CsH,), 71.79 (t, Joc = 28 Hz, CP-P C5H,), 72.66 (t, Jpc = 4
Hz, CH C5H,), 76.22 (t, Jpc = 25 Hz, CH C5H,), 88.12 (s CP*°-C
CsH,), 127.76 (t, Joc = 5 Hz, CH PPh,), 130.33 (s, CH PPh,),
131.28 (t, Jpc = 25 Hz, C¥*° PPh,), 134.16 (t, Jpc = 6 Hz, CH
PPh,), 140.85 (s, CH C3H,NS). The signals due to C?*° and CH
of C3H,NS were not detected. HRMS (ESI+), m/z calc. for
CsyH4sClFe,N,P,Pd,S, (M - CIJ'): 1074.9843; found:
1074.9838. Anal. calc. for Cs;,H,,Cl,Fe,N,P,PdS,-0.4CDCl;
(1160.2): C 54.25, H 3.89, N 2.41%. Found: C 54.31, H 3.85,
N 2.08%.

Preparation of [PdCl,(5-kP),] (30). A 10 mL flask equipped
with a stirring bar was charged with 5 (21.1 mg, 0.045 mmol)
and [PdCl,(MeCN),] (5.6 mg, 0.022 mmol). The solid starting
materials were dissolved in dry dichloromethane (2 mL), and
the red mixture was stirred for 30 min. Subsequent evapor-
ation afforded complex 30 as a brick red powder. The yield was
24.4 mg (quantitative).

"H NMR (400 MHz, CDCl,): § 4.00 (s, 2 H, CH,), 4.35 (vt,J' =
1.9 Hz, 2 H, CsH,), 4.40 (vt, J' = 1.9 Hz, 2 H, CsH,), 4.52 (vt, ] =
1.9 Hz, 2 H, CsH,), 4.54 (br s, 2 H, CsH,), 7.17 (d, J = 3.4 Hz,
1 H, C3H,NS), 7.32-7.43 (m, 6 H, PPh,), 7.60-7.68 (m, 4 H
PPh, and 1 H C;H,NS). *'P{'"H} NMR (161.9 MHz, CDCls)
5 15.1 (s, PPh,). *C NMR spectra could not be obtained due to
a poor solubility of the complex. HRMS (ESI+), m/z calc. for
CsH4ClFe,N,P,PdS, (M - CI]Y): 1074.9843; found:
1074.9874. Anal. calc. for Cs,H,4Cl,Fe,N,P,PdS, (1112.0): C
56.17, H 3.99, N 2.52%. Found: C 55.88, H 3.77, N 2.27%.

Preparation of [(p(P,N)-4)PdCL], (31). A 25 mL flask
equipped with a stirring bar was charged with 4 (15.7 mg,
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0.034 mmol) and [PdCl,(MeCN),] (8.7 mg, 0.034 mmol). The
solids were dissolved in anhydrous dichloromethane (4 mL),
and the resulting brown solution was stirred for 30 min.
Subsequent evaporation afforded solvated complex 31 as a red-
brown powder. The yield of 31ICH,Cl, was 22.2 mg
(quantitative).

'H NMR (400 MHz, CDCl;): 6 4.41 (vt, J' = 1.9 Hz, 2 H,
CsH,), 4.61 (vq, J' = 1.9 Hz, 2 H, CsH,), 4.66 (br s, 2 H, CH,),
4.70 (vq,J' = 1.9 Hz, 2 H, CsH,), 5.02 (vt,J' = 1.9 Hz, 2 H, C5H,),
7.34-7.41 (m, 4 H, PPh,), 7.42-7.50 (m, 2 H, PPh,), 7.55-7.63
(m, 4 H, PPh,), 8.08-8.10 (m, 1 H, C;H,NS), 9.23 (dd, J = 2.2,
0.9 Hz, 1 H, C3H,NS). *'P{"H} NMR (161.9 MHz, CDCl;) § 24.6
(s, PPh,). "*C{'H} NMR (100.6 MHz, CDCl,): § 28.01 (s, CH,),
69.42 (d, Joc = 66 Hz, CP°-P C5H,), 69.96 (s, CH CsH,), 72.37
(d, Jec = 8 Hz, CH CsHy), 72.47 (s, CH CsH,), 76.57 (d, Jpc =
10 Hz, CH C5H,), 87.03 (s CP¥°-C C5H,), 127.66 (d, Jpc = 11 Hz,
CH PPh,), 130.21 (d, Jpc = 60 Hz, CP*° PPh,), 130.92 (d, Jpc =
3 Hz, CH PPh,), 133.78 (d, Jpc = 10 Hz, CH PPh,), 137.93 (s, CH
C3H,NS), 140.99 (d, Jpc = 4 Hz, C7*° C3H,NS), 155.46 (s, CH
C3H,NS). HRMS (ESI+), m/z cale. for Cs,Hy,ClsFe,N,P,Pd,S,
(M - cClI): 1250.8275; found: 1250.8250. Anal. calc. for
C52H44C14F62N2P2Pd282-%CHZCIZ (1331.8): C 47.35, H 3.41,
N 2.10%. Found: C 47.13, H 3.36, N 1.95%.

Preparation of [PdCL,(5-x*>P,N)] (32). A 25 mL flask equipped
with a stirring bar was charged with 5 (67.5 mg, 0.144 mmol)
and [PdCl,(MeCN),] (37.5 mg, 0.144 mmol). The solids were
dissolved in dry dichloromethane (8 mL), and the resulting
brown-red solution was stirred for 30 min and evaporated. The
residue was removed with dichloromethane (10 mL) and evap-
orated with silica gel. The preadsorbed product was transferred
onto a silica gel column packed with dichloromethane-metha-
nol (50:1). Elution with the same solvent mixture initially
removed a pale-yellow band, which was discarded. The brown-
ish front part of the second band was also discarded, and the
following bright red band was collected and evaporated,
leaving solvated complex 32 as an orange-red solid. The yield
of 32-1CH,CI, was 58.6 mg (59%).

'H NMR (400 MHz, CD,CL,): 6 2.26 (br s, 1 H, CsH,), 3.56
(brs, 1 H, CsH,), 4.04 (d, ] = 15.2 Hz, 1 H, CH,), 4.23-4.26 (m,
2 H, CsH,), 4.32 (q, J = 2.2 Hz, 1 H, CsH,), 4.33-4.35 (m, 1 H,
CsH,), 4.38-4.41 (m, 1 H, CsH,), 5.20 (d, J = 15.2 Hz, 1 H,
CH,), 5.25-5.28 (m, 1 H, CsH,), 7.35 (d, J = 3.6 Hz, 1 H,
C3H,NS), 7.39-7.66 (m, 8 H PPh, and 1 H C3H,NS), 7.78-7.85
(m, 2 H, PPh,). *'P{'"H} NMR (161.9 MHz, CD,Cl,) § 22.1 (s,
PPh,). ®C{'H} NMR (100.6 MHz, CD,Cl,): § 32.20 (s, CH,),
69.17 (d, Jpc = 60 Hz, CP*>-P CsH,), 69.75 (s, CH CsH,), 69.81
(s, CH CsH,), 70.16 (s, CH CsH,), 71.89 (d, Jpc = 7 Hz, CH
CsH,), 73.04 (d, Jpc = 12 Hz, CH CsH,), 74.93 (d, Jpc = 8 Hz, CH
CsH,), 75.72 (s, CH CsHy), 75.80 (d, Jpc = 7 Hz, CH CsH,),
86.70 (s CP°-C CsH,), 120.52 (s, CH C;H,NS), 128.16 (d, Jpc =
12 Hz, CH PPh,), 129.51 (d, Jpc = 11 Hz, CH PPh,), 129.44 (d,
Jec = 64 Hz, C?° PPh,), 129.74 (d, Jpc = 50 Hz, C?*° PPh,),
131.51 (d, Jpc = 3 Hz, CH PPh,), 132.20 (d, Jpc = 3 Hz, CH
PPh,), 134.03 (d, Jpc = 10 Hz, CH PPh,), 134.20 (d, Jpc = 11 Hz,
CH PPh,), 142.58 (d, J = 2 Hz, CH C3H,NS), 173.80 (s, C7*
C3H,NS). HRMS (ESI+), m/z calc. for CysH,,CIFeNPPdS (M —
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Cl]):  607.9292; found: 607.9266. Anal. calc. for
Cy6H,,Cl,FeNPPdS-0.5CH,Cl, (687.1): C 46.32, H 3.37, N
2.04%. Found: C 46.56, H 3.36, N 1.97%.

Catalytic experiments

An oven-dried Schlenk flask was charged with the respective
arylboronic acid (1.0 mmol), sodium carbonate (1.0 mmol), Pd
catalyst (2 pmmol), and a magnetic stirring bar. After three
vacuum-nitrogen cycles, aroyl chloride (1.2 mmol) was added
using an automatic pipette, and the flask was sealed with a
septum. Benzene-ds and degassed water (2.0 mL each) were
added, and the reaction mixture was heated under vigorous
stirring for 3 h at 50 °C (temperature in an oil bath). After the
reaction mixture was cooled, anisol or (trifluoromethyl)
benzene (1.0 mmol) was introduced. When the conversion was
low, saturated aqueous sodium carbonate (3 mL) was added,
and the mixture was shaken to dissolve the -crystallised
material. The organic layer was removed, dried over MgSOy,,
and filtered through a PTFE syringe filter (0.45 pm porosity).
The yield was determined using *H or *°F NMR spectroscopy.

Analytical data for 4-methylbenzophenone (35-CHj).
"H NMR (400 MHz, CDCl): 6 2.43 (s, 3 H, CH3), 7.25-7.31 (m,
2 H, aromatics), 7.43-7.50 (m, 2 H, aromatics), 7.54-7.60 (m,
1 H, aromatics), 7.69-7.75 (m, 2 H, aromatics), 7.76-7.81 (m,
2 H, aromatics). "*C{"H} NMR (CDCl,): § 21.65 (s, CH3), 128.20
(s, 2 x CH aromatic), 128.97 (s, 2 x CH aromatic), 129.92 (s, 2 x
CH aromatic), 130.30 (s, 2 x CH aromatic), 132.15 (s, CH aro-
matic), 134.88 (s, C?*° aromatic), 137.95 (s, C?*° aromatic),
143.23 (s, C7*° aromatic), and 196.50 (s, C=0). The data agree
with the literature.**

Analytical data for 4-(trifluoromethyl)benzophenone (35-
CF;). '"H NMR (400 MHz, CDCL,): 6 7.46-7.55 (m, 2 H, aro-
matics), 7.59-7.66 (m, 1 H, aromatics), 7.73-7.78 (m, 2 H, aro-
matics), 7.78-7.83 (m, 2 H, aromatics), 7.86-7.92 (m, 2 H, aro-
matics). "*C{"H} NMR (CDCl,): § 123.70 (br q, Jyc = 273 Hz,
CF3), 125.37 (q, Jrc = 4 Hz, 2 x CH CgH,), 128.55 (s, 2 x CH aro-
matics), 130.13 (s, 2 x CH aromatics), 130.16 (s, 2 x CH aro-
matics), 133.11 (s, CH aromatics), 133.74 (q, Jyc = 33 Hz, CP*
CeH,), 136.76 (s, CP*° aromatics), 140.76 (s, C7*° aromatics),
195.56 (s, C=0). “’F{"H} NMR (CDCl,): § —63.0 (s). The analyti-
cal data match those in the literature.>*

Preparation of 38. A Schlenk flask was charged with phenyl-
boronic acid (122 mg, 1.0 mmol), sodium carbonate (106 mg,
1.0 mmol), 32-1CH,Cl, (1.4 mg, 2 pmol) and a magnetic stir-
ring bar. After three vacuum-nitrogen cycles, 3-(trifluoro-
methyl)benzoyl chloride (181 pL, 1.2 mmol) was added using
an automatic pipette, and the reaction flask was sealed with a
septum. Benzene and degassed water (2.0 mL each) were
added, and the resulting mixture was heated under vigorous
stirring at 50 °C for 3 h. The organic layer was separated,
diluted with toluene (5 mL), washed with brine (5 mL), dried
over MgSO,, and filtered. The pale-yellow filtrate was evapor-
ated with silica gel, and the preadsorbed product was trans-
ferred into a solid loader. Flash chromatography on a silica gel
column (Interchim puriFlash, 30 pm, 25 g) using a Buchi
Reveleris X2 automatic chromatograph and hexane-ethyl
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acetate (98:2) as the eluent (flow rate 32 mL min~") produced
38 as a white solid. The yield was 240 mg (96%).

'H NMR (400 MHz, CDCl,): § 7.49-7.55 (m, 2 H, CH aro-
matics), 7.60-7.67 (m, 2 H, CH aromatics), 7.77-7.82 (m, 2 H,
CH aromatics), 7.83-7.87 (m, 1 H, CH aromatics), 7.96-8.00
(m, 1 H, CH aromatics), 8.05-8.08 (m, 1 H, CH aromatics).
BC{"H} NMR (CDCly): 6 123.71 (br q, Jec = 273 Hz, CFj),
126.72 (q, Jec = 4 Hz, CH CgH,), 128.58 (s, 2 x CH aromatics),
128.85 (q, Jrc = 4 Hz, CH CgH,), 128.96 (s, CH aromatics),
130.04 (s, 2 x CH aromatics), 131.02 (q, Jpc = 33 Hz, CP*
CeH,), 133.03 (s, CH aromatics), 133.13 (s, CH aromatics),
136.77 (s, CP*° aromatics), 138.30 (s, C?*° aromatics), 195.23
(s, C=0). F{'H} NMR (376 MHz, CDCl;): § —62.8 (s). The
data correspond with the literature.>® HRMS (ESI+): m/z calc.
for C,4H,F;0 (M + H]"): 251.0684; found: 251.0733.

Preparation of 39. A dry 50 mL flask was charged with 38
(250 mg, 1.0 mmol), and the starting material was dissolved in
anhydrous diethyl ether (10 mL). The solution was cooled in
an ice bath, and a solution of ethylmagnesium bromide
(0.48 mL of 41% solution in diethyl ether, 1.5 mmol) was
introduced. The yellow reaction mixture was stirred with
cooling for 10 min and then at room temperature for 1 h. The
reaction was terminated by the addition of saturated aqueous
NH,CI (10 mL). The aqueous layer was extracted with diethyl
ether (3 x 10 mL), and the combined organic layers were
washed with brine (10 mL), dried over magnesium sulfate, and
evaporated. Subsequent flash chromatography on a silica gel
column (Interchim puriFlash, 30 pm, 25 g) using a Buchi
Reveleris X2 automatic chromatograph and hexane-ethyl
acetate (92 : 8) as the eluent (flow rate 32 mL min™") led to the
isolation of two bands. Evaporation of the first band gave flu-
mecinol (40) as a colourless oil (44 mg, 16%), and the second
band produced 39 as a white solid (195 mg, 77%). The product
ratio matched the results of the '°’F NMR analysis of the reac-
tion mixture (20 : 80).

Analytical data for phenyl(3-(trifluoromethyl)phenyl)metha-
nol (39). "H NMR (400 MHz, CDCl,): § 2.31 (br s, 1 H, CHOH),
5.89 (s, 1 H, CHOH), 7.27-7.33 (m, 1 H, aromatics), 7.34-7.39
(m, 4 H, aromatics), 7.41-7.48 (m, 1 H, aromatics), 7.50-7.57
(m, 2 H, aromatics), 7.68-7.72 (m, 1 H, aromatics). "*C{'H}
NMR (CDCl;): 6 75.72 (s, CHOH), 123.14 (q, Jec = 4 Hz, CH
CeH,), 124.16 (br q, Jyc = 272 Hz, CF;), 124.32 (q, Jrc = 4 Hz,
CH CgH,), 126.65 (s, 2 x CH aromatics), 128.08 (s, CH aro-
matics), 128.78 (s, 2 x CH aromatics), 128.90 (s, CH aromatics),
129.85 (q, Jrc = 2 Hz, CH CgH,), 130.77 (q, Jyc = 32 Hz, CP*°
CeH,), 143.12 (s, CP*° aromatics), 144.65 (s, C7*° aromatics).
9r{'H} NMR (376 MHz, CDCl;): § —62.5 (s). The data agree
with the literature.>®

Preparation of flumecinol (40). A dry Schlenk flask was
charged with anhydrous THF (1.5 mL) and cooled in a dry ice/
ethanol bath to approximately —78 °C. Methyllithium (1.5 mL
of 1.6 M in diethyl ether, 2.4 mmol) and ethylmagnesium
bromide (0.38 mL of 41% in diethyl ether, 1.2 mmol) were
introduced successively at —78 °C. The resulting clear solution
was stirred with cooling for 1 h before a solution of 38
(250 mg, 1.0 mmol) in dry THF (1.5 mL) was added dropwise.
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The resulting yellow solution was stirred at —78 °C for another
5 h and then quenched with saturated aqueous NH,Cl
(10 mL). The aqueous layer was extracted with diethyl ether
(3 x 10 mL), and the combined organic layers were washed
with brine (10 mL) and evaporated. The pale yellow residue
was removed with dichloromethane and evaporated with silica
gel. The crude preadsorbed product was purified by flash
chromatography on a silica gel column (Interchim puriFlash,
30 pm, 25 g) using a Buchi Reveleris X2 automatic chromato-
graph and hexane-ethyl acetate (92 : 8) as the eluent (flow rate
32 mL min~'). Evaporation of the first band afforded 40 as a
clear colourless oil (243 mg, 87%). The second band produced
39 as a white solid (18 mg, 7%). The 40: 39 ratio in the reac-
tion mixture determined by '’F NMR was 91 : 9.

Analytical data for 39. "H NMR (400 MHz, CDCl,): § 0.88 (t,
J =7.3 Hz, 3 H, CHj3), 2.11 (s, 1 H, OH), 2.33 (qd, J = 7.3, 4.8
Hz, 2 H, CH,), 7.21-7.27 (m, 1 H, aromatics), 7.29-7.36 (m,
2 H, aromatics), 7.37-7.44 (m, 3 H, aromatics), 7.44-7.51 (m,
1 H, aromatics), 7.52-7.56 (m, 1 H, aromatics), 7.73-7.78 (m,
1 H, aromatics). "*C{"H} NMR (CDCl,): § 7.99 (s, CH3), 34.44 (s,
CH,), 78.22 (s, COH), 122.72 (q, Jrc = 4 Hz, CH CgH,), 123.60
(q, Jec = 4 Hz, CH CgH,), 124.26 (br q, Jpc = 272 Hz, CF;),
126.04 (s, 2 x CH aromatics), 127.23 (s, CH aromatics), 128.41
(s, 2 x CH aromatics), 128.52 (s, CH aromatics), 129.68 (q, Jrc =
1 Hz, CH CgHy), 130.41 (q, Jrc = 32 Hz, CP% CgH,), 146.19 (s,
CP*° aromatics), 147.89 (s, CP* aromatics)."’F{"H} NMR
(376 MHz, CDCl;): 5 —62.4 (s). The NMR data correspond with
those in the literature (in dmso-de).>” HRMS (ESI+): m/z calc.
for C16H14F; (M — OHJ): 263.1048; found: 263.1099.
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