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Synthesis, coordination and catalytic application of hybrid
phosphinoferrocene ligands bearing imidazole N-donor groups

Véra Varmuzova, Ivana Cisafova and Petr Stépnicka*

Hybrid P,N-donors are versatile ligands in coordination chemistry and catalysis, capable of forming hemilabile coordination
bonds. This article describes the preparation of three structurally related hybrid phosphinoferrocene donors bearing 1-
methyl-1H-imidazol-2-yl pendants attached via CH(OH), C=0, and CH; linkers at position 1’ of the ferrocene unit, Ph,PfcYImMe
(fc = ferrocene-1,1'-diyl, ImMe = 1-methyl-1H-imidazol-2-yl, and Y = the linker). Coordination behaviour of these compounds
towards soft Pd(ll) strongly depends on the nature of the linker: the flexible nonconjugated linkers (CH(OH) and CH,) enable
P,N-chelate coordination, whereas a similar coordination of the ketone appears to be hindered by the linker’s tendency to
remain conjugated and by its ability to decrease electron density at the imidazole unit. As a result, complexes of types
[PACly(L-k?P,N)] and [Pd(L-k?P,N),][BF4]> could be obtained from the former compounds, whereas the C=0-bridged ligand
afforded the bis-phosphine complex [PdCly(L-kP),] as the only isolable product. The chelate complexes
[PACI,(Ph,PfcCH(X)ImMe-k2P,N)] (X =
bromopyridine with 4-tolylboronic acid, and their catalytic performance was compared with the related compounds,

H and OH) were evaluated in Pd-catalysed Suzuki—-Miyaura cross-coupling of 2-

including the widely studied complex [PdCl,(dppf-k2P,P’)] (dppf = 1,1'-bis(diphenylphosphino)ferrocene).

Introduction

Introducing additional, chemically distinct donor groups into
the molecules of phosphine donors?! increases the coordination
diversity of the resulting hybrid ligands. Of particular
importance is the potential hemilabile coordination behaviour
of these compounds towards soft metal ions, which positively
affects the catalytic properties of the resulting complexes.'?
Among the ligand classes reported to date, P,N-hybrid ligands
stand out due to their versatility, resulting from the nearly
unlimited variation of the phosphine and the N-donor groups.3

Recently,* we reported a series of hybrid and flexible
phosphinoferrocene ligands® bearing thiophene and thiazole
groups separated from the ferrocene unit by a methylene
bridge (compounds A—C in Figure 1).6 Among these compounds,
only thiazole derivative C formed an isolable P,N-chelate Pd(ll)
complex [PdCly(C-k?P,N)], which exhibited good catalytic
activity in Suzuki—Miyaura-type cross-coupling reactions. To
continue this research, we now focus on similar compounds
featuring N-methylimidazole pendants (Figure 1). Particular
attention is given to the role of the bridging moiety that endows
these ligands with additional flexibility and thus affects their
coordination behaviour.® Owing to the synthetic approach
applied, the linkers include the polar CH(OH) moiety (1), the
conjugated C=0 function (2), and the “innocent” CH; spacer (3).
Notably, compounds related to 3 bearing a (benz)imidazole
moiety bonded via a nitrogen atom have been studied as

aDepartment of Inorganic Chemistry, Faculty of Science, Charles University,
Hlavova 2030, 128 00 Prague, Czech Republic; E-mail: stepnic@natur.cuni.cz

precursors to attractive P,C-chelating imidazole-2-ylidene
complexes.” A similar coordination mode is not available for 3.

©/PPh2 ©/PPh2 Pth
- /Pth F’Ph2 < PPh2

Fe Fe Fe N
<<19\(L Q(L S

Figure 1 Phosphinoferrocene ligands with heterocyclic functional pendants separated by
a flexible linker (A—C: known compounds; 1-3: currently investigated compounds).

Results and discussion

Synthesis and characterisation of hybrid phosphines 1-3

Compound 1, possessing a CH(OH) bridging unit, was obtained
by lithiation of 1’-(diphenylphosphino)-1-bromoferrocene (4)2
with n-butyllithium and reaction of the nonisolated lithio
intermediate with 2-formyl-1-methyl-1H-imidazole (Scheme 1).
Following aqueous workup and chromatographic purification, it
was obtained as an orange solid in 58% yield. Minor amounts
(1%) of the corresponding ketone 2 were also isolated.?
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Scheme 1 Synthesis of alcohol 1.

Rational synthesis of ketone 2 (Scheme 2) involved borane-
protected intermediates’? to avoid oxidation of the phosphine
moiety during the alcohol-to-ketone conversion. The required
intermediate 1-BHs was prepared from borane adduct 4-BHs3
using the procedure employed for the preparation of 1. The
protected alcohol was subsequently oxidised with MnO,,'! and
the resulting ketone 2:-BH; was deprotected with 1,4-
diazabicyclo[2.2.2]octane (dabco)'?13 to afford 2 in a good
overall yield (40% over the three steps).

P
< PPhe
Fe 1) n-BuLi
> 2) 2-MelmCHO
Br __THF,-78°Ctort
4-BH
3 \ ?H:;
< PPh
Fe N\/\§
@\(LN\
M
1-BH, ©
MnO,/CH,Cl, Et3SiH, CF3CO,H/CH,Cl,
PPh2 Q/Pth PPh,
N|/\§ Fe /§ + Fe /§
N W w
\
2BH, O M 3-BH,
dabco dabco
toluene toluene
PPh, < FPh
! N ! N
Fe |/\§ Fe |/\§
N N
\ \
2 0 Me 3 Me

Scheme 2 Synthesis of hybrid phosphines 2 and 3.

Adduct 1-BH; was also used to prepare the methylene-
bridged compound 3 (Scheme 2). In this case, the alcohol was
deoxygenated using triethylsilane/trifluoroacetic acid'#* in
dichloromethane at room temperature. The reduction required
an excess of the reagents to proceed satisfactorily (15 equiv.).
No change or poor conversion was observed with 3 or 10 equiv.
of Et3SiH/CFsCO;H at room temperature, whereas the reaction
with 5 equiv. of Et3SiH/CF3COH in refluxing 1,2-dichloroethane
produced a complicated mixture containing phosphine oxides.
This observation is in accordance with reports demonstrating
that the deoxygenation of similar compounds is notoriously
difficult.> Alternative attempts to reduce 3:BH3 using
samarium(ll) iodide/HMPA and pivalic acid entirely failed,®

2| J. Name., 2012, 00, 1-3

whereas the method reported by Alterman ef.gki’ using
[Mo(CO)e] and Lawesson’s reagent could ot Bel@pphetdiets
unwanted thionation of the phosphine group.

Eventually, the reaction of 1-BHs; with EtsSiH/CF3CO2H
proved reliable but required the excess reagents to be carefully
destroyed by aqueous NaHCO3 during the workup to minimise
decomposition. However, the reduction was accompanied by
deprotection of the phosphine group, leading to a 65:35
mixture of 3 and 3:BHs. The removal of the borane group was
completed by treating the mixture with dabco in toluene,
affording compound 3 in 30% yield from 1-BHs.

All the compounds were characterised using multinuclear
NMR spectroscopy, mass spectrometry, and elemental analysis.
The characterisation data, particularly the NMR spectra, were
consistent with the proposed structures. A distinctive feature
was the doubling of the *H and 13C{*H} NMR resonances due to
the ferrocene and phenyl CH groups in the spectra of 1 and
1-BHj3, which reflects the diastereotopic nature of these groups
resulting from the presence of the stereogenic carbon atom
(CHOH). The 31P{!H} NMR signals of the free phosphines were
detected at approximately &p -17 (in CDCls; ¢f. 6p = —-16 for
(diphenylphosphino)ferrocene in the same solvent).1®

In addition, the structure of 1 was determined by single-
crystal X-ray diffraction analysis. The compound is racemic and
crystallises in the orthorhombic space group Pbca with one
molecule in the asymmetric unit (Figure 2). The ferrocene unit
has its regular geometry with Fe—C bond lengths in the range of
2.025(3)-2.061(2) A and negligibly tilted cyclopentadienyl rings
(tilt angle: 1.5(2)°).1° The substituents are diverted from each
other, with the C1-Cg1—-Cg2—C6 (t) torsion angle of -162.8(2)°
(Cgl and Cg2 are the centroids of the cyclopentadienyl rings
C(1-5) and C(6-10), respectively). The geometry of the
substituents is unexceptional in view of the data reported for
(diphenylphosphino)ferrocene?® and alcohols ArCH(OH)(ImMe),
where ImMe is 1-methyl-1H-imidazol-2-yl, and Ar is 1-naphthyl
or 2-methoxyphenyl.?! In the solid state, the molecules of 1
assemble via 01-H10::-N1 hydrogen bonds (O1::-N1 = 2.754(3)
A) into chains oriented along the crystallographic a axis. These
chains are crosslinked by C-H-:-O interactions (see the Sl).

Figure 2 Molecular structure of racemic alcohol 1 (for additional data and the
displacement ellipsoid plot, see the SI).

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nj01330a

Page 3 of 13

& 5~ GrenAcsessALcle Ruplished,onddune 2260 D aunioadesl 0 BlE/Q2633X40AM. . — o 0 s s SV O N O LT D W N =
wm\fh% aficldistedhbed unither € Rative Sontindiis RttriBuon RoftdRmalcid 38 ﬁpc‘)ﬁeﬂii?en@.

aOuvuuuuuuuuu bbb DDNDN
O VWO NOUDMNWN=—-=OOVONO UV N

Synthesis of Pd(ll) complexes

The coordination behaviour of 1-3 was studied in Pd(ll)
complexes. Palladium was chosen as a typical soft metal ion
with an affinity for both P- and N-donor ligands,?? with the aim
of using the complexes in Pd-mediated organic reactions.

The reaction of 1 with an equimolar amount of
[PdCI>;(MeCN);] as the PdCl; source in dichloromethane
produced a mixture of two species with similar 3P NMR
chemical shifts (6p 21.3 and 23.9 in CD,Cl,). The situation
changed after some methanol was added. While the solubility
of the products increased with a few drops of this solvent, a
larger amount (10-20%) was required to shift the “equilibrium”
in favour of one species (6p 22.9 in CD,Cl,/CDs0D). One set of
NMR signals was also observed in dmso-de, another highly polar
solvent (see Experimental and the Sl), but the signals appeared
shifted, presumably due to solvation effects (6 20.6). The NMR
signature indicated simultaneous coordination of the
phosphine and imidazole groups, possibly in a chelating
manner. This led us to formulate the product as a P,N-chelate
complex 5 (Scheme 3), which was indeed confirmed by X-ray
crystallography using crystals of 5-:2CHCIl3 obtained by layering
the chloroform solution of the complex with hexane (vide infra).

Phz <|3'
\P|d\C|
1 (PdiL = 1:1 F
[PACl,(MeCN),] — 1 (PL=1:1) _  Fe N
@i%,{/ ]
Ho N
for 6a 5 Me
1 (Pd:iL=1:2)

Fe P N= OH
[PA(MeCN),J[BF ], ——2" %P O “pd
442 T PdiL=1:2) N \

6a (X = Cl), 6b (X = [BFy])

Scheme 3 Synthesis of Pd(Il) complexes with phosphinoalcohol 1 (the reactions were
performed in dichloromethane or dichloromethane-methanol).

A similar reaction employing [PdCl;(MeCN);] and 2 equiv. of
alcohol 1 (Scheme 3) initially seemed practically impossible.
Analysis using 3P{*H} NMR spectroscopy revealed multiple
signal sets attributable to coordinated 1. Fortunately,
crystallisation of the reaction mixture produced several crystals
of the cationic bis(chelate) complex 6a (in solvated form), which
was structurally authenticated by single-crystal X-ray
diffraction; the expected bis(phosphine) complex [PdCl;(1-kP),]
was not isolated, and the reaction mixture slowly degraded.

Next, the reaction was repeated using [Pd(MeCN)4][BFa], as
a Pd(ll) source with weakly coordinating auxiliary ligands?3 and
anions.?* NMR monitoring, performed in CDsCN for solubility
reasons, revealed similarly complicated reaction mixtures
(Figure 3); however, a single product reproducibly crystallised.
This product, confirmed to be the cationic bis(chelate) 6b by X-
ray crystallography (Scheme 3), produced an identical mixture
when it was redissolved in CD3CN. The spectra recorded in

This journal is © The Royal Society of Chemistry 20xx
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CD30D and dmso-ds exhibited similarly complicated patterns,
but the isomer ratios varied (see the SI)POpbhlGARreadmEStRe
temperature, the 3'P{1H} NMR spectra changed: the number of
the NMR resonances remained the same but their positions and
relative intensities slightly changed (see the SI). All this suggests
hemilabile coordination of the hybrid phosphine ligand.

Cc
A A
1  ——
B B
——
-
ML-W

r—r—T1rr 11T 17 17 ™17 17 71T 7T 717
15 14 13 12 1 10 9 8 7 6  ppm
Figure 3 3'P{*H} NMR spectrum (162 MHz, 25 °C) of crystalline 6b dissolved in CDsCN,
with the observed signals tentatively assigned to four isomeric species. The data are
quoted in the Experimental section. Asterisks denote additional unidentified signals.

The course of complexation reactions involving the hybrid
phosphine 1 and, accordingly, the NMR signatures reflect the
stereochemical complexity of the system. The structure of 5
combines a stereogenic carbon atom with an axially chiral
ferrocene unit, whose conformation is fixed as a result of P,N-
chelate coordination. Consequently, the compound can form
four stereoisomers that aggregate into two diastereomeric
pairs, giving rise to two sets of signals in the 'H and 3C{*H} NMR
spectra and two separate 3'P{*H} NMR resonances (singlets).

Bis(chelate) complexes 6a and 6b contain two stereogenic
carbon atoms and two axial-chiral
correspondingly, the signals of four diastereocisomers are
detected in the 3!P{1H} NMR spectrum (Figure 3). Crystallisation
affords the most stable and/or the least soluble species. After
dissolution, however, the system may undergo equilibration,

ferrocene units and,

regenerating the product mixture. Such behaviour possibly
implies solvent-dependent hemilabile coordination of 1, which
enables conformational changes at the ferrocene unit (S <>
Rax) via a decoordination/coordination sequence, whereas the
configuration at the stereogenic carbon atoms remains
expectedly unchanged.

Chelate complex 5 (Figure 4) crystallised in solvated form in
the triclinic space group P-1, where the pair of (R,Rax) and (S,Sax)
stereoisomers present in the unit cell is assembled into a
centrosymmetric dimeric array via O-H---Cl hydrogen bridges
(see the Sl). The coordination environment of the Pd(ll) ion is
essentially planar,?> and the Pd-donor distances fall within the
normal ranges;?® the elongation of the Pd1—-CI1 bond (relative
to Pd1-ClI2) can be attributed to the strong trans influence of

J. Name., 2013, 00, 1-3 | 3
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the phosphine donor.?” The interligand angles also remain near
the ideal value (90°), with the ligand bite angle P1-Pd1-N1
being the widest (93°). The ferrocene unit adopts a staggered
conformation with T =42.92(2),° and the cyclopentadienyl rings
are practically parallel (interplanar angle: 4.8(2)°).

Figure 4 View of the complex molecule in the structure of 5-:2CHCls. Selected distances
and angles (in A and deg): Pd1-Cl1 2.3698(7), Pd1-Cl2 2.3008(8), Pd1-P1 2.2465(7),
Pd1-N1 2.024(2), P1-Pd1-N1 93.23(7), Cl1-Pd1-Cl2 91.25(3), P1-Pd1-Cl2 87.00(3),
N1-Pd—Cl1 88.34(7), C23—01 1.424(3), C1-C23—C24 114.7(2), C24—N1 1.328(3), C24—-N2
1.355(4), N1-C24—N2 109.2(2). The displacement ellipsoid plot is available in the SI.

Despite the presence of various counteranions and
differences in solvation, compounds 6a and 6b (Figure 5 and the
SlI) crystallised uniformly with their complex cations residing
over the crystallographic inversion centres and with disordered
CH(OH) moieties. As a result, the cations are composed of pairs
of (Sax) and (Rax) ligands, each with the CH(OH) fragment in both
(5)- and (R)-configurations (albeit not equally populated and
with different ratios for the individual samples).

4| J. Name., 2012, 00, 1-3

Figure 5 View of the complex molecule in the structure of 6b-CH,Cl,. Only one position
View Article Online

of the disordered OH group is shown for clarity. For a co@@lptfostirgg@/rﬁ jagramiyee
the SI. Selected distances and angles (in A and deg): Pd1-P1 2.3764(5), Pd1-N1 2.028(2),

P1-Pd1-N1 90.44(6), P1-Pd1-N1' 89.57(6); C1-C23-C24 109.8(2), C24-N1 1.334(3),
C24-N2 1.351(3), N1-C24—N2 109.9(2). The prime-labelled atoms are generated by the
inversion operation.

The imposed crystallographic symmetry dictates a trans-P,P’
arrangement and renders the central {PdP,N,} fragment ideally
planar. The interligand angles in 6b-CH,Cl; differ only marginally
from 90° (Figure 5). Compared with 5, the bis(chelate) complex
has a longer Pd1-P1 bond (by 0.13 A), which can be attributed
to antisymbiosis?8 of the soft phosphine moieties and, probably,
to increased steric crowding. In contrast, the Pd1-N1 distance
is practically unchanged, and the imidazole retains a position
perpendicular to the coordination plane. The ferrocene units
assume an intermediate conformation with t = 53.0(2)° (near
the 1,2' arrangement??), and their cyclopentadienyl rings are
close to parallel (dihedral angle: 2.7(2)°). The parameters
obtained for 6a-4CHCIl3-2CH30H are similar (see the Sl).

The interaction of [PdCl;(MeCN),] with 1 equiv. of ketone 2
also led to product mixtures. Typically, several species were
detected by 3P{1H} NMR, and the composition of the mixture
varied somewhat depending on the experimental conditions.
Changing the Pd(ll) source to [PdCl,(cod)] (cod = cycloocta-1,5-
diene) had no beneficial effect. However, when the amount of
2 was increased to 2 equiv. per palladium, the reaction cleanly

produced the bis(phosphine) complex [PdCly(2-kP);] (7)
(Scheme 4).
[PAClo(MeCN),]
2 (Pd:L = 1:2)
CH2C|2, — MeCN
(6] Me
@%KV\N)
Ph2 Cl Fe N /
pl .
- /Pd\P/@
ot o P
D
Me/ 1) 7

Scheme 4 Synthesis of bis(phosphine) complex 7.

This behaviour is consistent with the greater rigidity of
ligand 2, where the rotation of the imidazole pendant can be
hindered by the tendency of the carbonyl group to remain
coplanar and conjugated with both the cyclopentadienyl ring
and the terminal imidazole moiety. In addition, the presence of
an electron-withdrawing carbonyl linker may weaken the ability
of the imidazole nitrogen to act as a donor, thereby reducing
the ligand’s tendency to form P,N-chelate species and/or
lowering their stability, especially when the carbonyl oxygen
can compete as an additional donor with the imidazole
nitrogen.3° Unfortunately, reaction tests performed with 2 were
complicated by the formation of black intractable solids,
especially during extended reaction times and crystallisation,
which precluded the isolation of other possible compounds
present in the reaction mixtures. Complex 7 thus remains the
sole compound isolated from the 2-Pd system.

This journal is © The Royal Society of Chemistry 20xx
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In line with the P-monodentate coordination of the
phosphine ligand in complex 7, which allows rotation of the
cyclopentadienyl rings along the axis of the ferrocene unit, the
1H and 3C{*H} NMR spectra displayed only four signals due to
the ferrocene CH groups. However, the 3C{*H} NMR signals of
the carbon atoms showing scalar coupling with the phosphorus
were observed as characteristic virtual triplets arising in the
second-order ABX spin systems 3C(X)—3'P(A)-Pd—3'P(B)-'2C
(Figure 6).3! The 3'P{*H} NMR signal was detected at 6p 14.7 (in
CDCl3).

CDCly
CH(C) CH(C)
m
cPo) GiPso(p)
W w
79 78 77 76 75 74 73
CH(Ph) CH(Im)
CH(Ph) M CH(Ph)
CH(Im)
CPSO(Ph)
T

135 134 133 132 131 130 129 128 127 126
Figure 6 Sections of the 3C{*H} NMR spectrum of complex 7 (400 MHz, CDCls) showing
the ferrocene (top) and phenyl (bottom) resonances. The signals are assigned to the CH
and CP carbons in phosphinylated (P) and CO-substituted (C) cyclopentadienyl rings,
phenyl rings (Ph), and imidazole (Im) moieties. The second-order multiplets are indicated
in red.

Compound 7 crystallised as a chloroform solvate 7-2CHClsz in
the acentric space group P2:2:2;. Nevertheless, structure
determination revealed a symmetrical arrangement around Pd
with anti-arranged ligands mimicking inversion symmetry
(Figure 7). The palladium and its four ligating atoms are
coplanar within ~0.06 A. The Pd-P and Pd-Cl bond distances are
similar to those determined for trans-[PdCly(FcPPh;-kP),]32 and
analogous complexes obtained from the functional ferrocene
phosphines, Ph,PfcY (Fc = ferrocenyl; fc = ferrocene-
1,1'-diyl),?3 and the interligand angles are 85-95°. In contrast to
the chelate complexes discussed above, the two ferrocene units
in 7 adopt more open conformations, with t=82.5(2)° (Fel) and
-86.9(2)° (Fe2), while remaining negligibly tilted (3.4(2)° and
4.6(2)°). The two ligands mainly differ in positions of their
heterocyclic pendants: the imidazole rings are rotated by

This journal is © The Royal Society of Chemistry 20xx
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9.3(2)° (Fel) and 34.9(2)° (Fe2), and their connecting CzQ. ynits
are twisted by 9.7(2)° (Fel) and 2.9(2)P(Fed) FeRitiod 3R
parent cyclopentadienyl C(1-5) and C(31-35),
respectively.

rings

1/5}(11-16)

g
Figure 7 View of the complex molecule in the structure of 7-2CHCls. Selected distances
and angles (in A and deg): Pd1-P1 2.3441(7), Pd1-P2 2.3542(7), Pd1-Cl1 2.2956(7),
Pd1-Cl2 2.3061(7), P1-Pd1—Cl1 84.79(2), P1-Pd1-CI2 94.53(3), P2—Pd1-Cl1 93.69(3),
P2-Pd1-Cl2 87.11(2); C23-01 1.224(4), C1-C23-C24 119.0(3), C53-02 1.226(4),
C31-C53-C54 118.3(3), C24-N1 1.328(4), C24-N2 1.373(4), N1-C24-N2 111.2(3),
C54-N3 1.323(4), C54—-N4 1.373(4), N3-C54-N4 111.6(3).

Complexation reactions with 3 bearing a methylene spacer
resembled those of alcohol 1, in line with the flexible and non-
conjugated nature of the methylene linker. However, owing to
the absence of a chiral centre, they appeared simpler from a
stereochemical viewpoint (Scheme 5). The reaction of 3 with
[PdCI>(MeCN);] in equimolar amounts smoothly produced P,N-
chelate complex 8, whereas a similar reaction with 2 equiv. of
the phosphine afforded a mixture of uncoordinated 3 and two
complexes, presumably compound 8 and the bis(chelate)
complex [Pd(3-k%P,N);]Cl, (as two stereoisomers; vide supra).
Increasing the amount of 3 by 10 mol.% (to 2.2 equiv. per Pd)
suppressed the formation of 8, while the amount of [Pd(3-
k2P,N),]Cl; increased (some ligand remained unreacted). Upon
changing the Pd(ll) source to [Pd(MeCN)4][BF4],, the reaction
with 2 equiv. of 3 selectively produced the bis(chelate) complex
9 (Scheme 5).

I ‘ cl
[PACl,(MeCN),] — 3 (PdiL = 1:1 Fe N

_Me [BF4]2

th
[Pd(MeCN)J[BF, > FPIL=12) QK/ K

Ph2 %
Scheme 5 Synthesis of complexes 8 and 9.

Owing to the fixed conformation of the ferrocene unit,
compound 8 results as a mixture of (Sax) and (Rax) enantiomers,

J. Name., 2013, 00, 1-3 | 5
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which exhibit an identical NMR signature (e.g., eight signals due
to the ferrocene CH group in the 'H and 3C{*H} NMR spectra
and a pair of 'H NMR signals of the diastereotopic CH; protons).
The 3P NMR resonance was detected at &p 22.3 (in CDCl3).
Conversely, complex 9 is obtained as a pair of (Rax,Rax)/(Sax,Sax)
and (Rax,Sax)/(Sax,Rax) diastereoisomers (formally corresponding
to racemic and meso forms), with 31P NMR signals at 6p 15.3 and
12.5in a ~7:3 ratio (not assigned).

Compound 8 crystallises as a racemate (space group P21/n).
The structure of solvate 8:2CHClI; (Figure 8) reveals undistorted
square coordination around palladium, where the Pd and
ligating atoms are coplanar within ~0.04 A and the interligand
angles remain near 90°. The Pd-donor distances are similar to
those determined for 5:2CHCls, with the Pd—Cl bond trans to the
phosphine donor moiety being characteristically elongated (>
0.1 A) because of trans influence. The ferrocene unit has an
approximately 1,2" conformation (t = -54.9(1)°; tilt: 3.8(1)°),
and the CH,ImMe pendant is oriented so that the imidazole ring
intersects the {PdLs} plane at an angle of 73.84(7)°.

Figure 8 View of the complex molecule in the structure of 8:2CHCls. Selected distances
and angles (in A and deg): Pd1-P1 2.2364(5), Pd1-N1 2.029(1), Pd1-Cl1 2.3810(5),
Pd1-Cl2 2.2776(5), P1-Pd1-N1 89.84(4), P1-Pd—CI2 90.74(2), N1-Pd1-Cl1 88.44(4),
Cl1-Pd1-Cl2 90.89(2), C1-C23-C24 115.2(1), C24-N1 1.331(2), C24-N2 1.350(2),
N1-C24-N2 109.2(2).

Complex 9 crystallised as solvate 9-CH,Cl; (Figure 9) with the
complex cations and solvent molecules lying over the
crystallographic inversion centres (space group P21/n). In many
respects, the structure resembles that of 6b-CH,Cl,: the
coordination sphere around the palladium atom is planar, all
interligand angles are =~90°, and the imidazole unit is
perpendicular to the coordination plane (dihedral angle:
88.86(7)°). The structure is stabilised by intramolecular -1t
interactions3* between the imidazole ring from one ligand and
the phenyl ring C(11-12) from the other (interplanar angle:
11.81(8)°; distance between the ring centroids: 3.5993(3)°).
Notably, this interaction causes the pivotal P1-C11 bond to
bend from the mean phenyl ring plane (by 6.34(7)°; cf. 2.60(7)°
for P1-C17 and the other phenyl ring).

6 | J. Name., 2012, 00, 1-3
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Figure 9 View of the complex molecule in the structure of 9-CH,Cl,. Selected distances
and angles (in A and deg): Pd1-P1 2.3678(4), Pd1-N1 2.038(1), P1-Pd1-N1 90.76(3),
P1-Pd1-N1' 89.24(3); C1-C23-C24 110.8(1), C24-N1 1.335(2), C24-N2 1.352(2),
N1-C24-N2 109.3(1). The prime-labelled atoms are generated by crystallographic
inversion. The -t interaction is indicated by a red dotted line.

Catalytic evaluation

Following early reports in the late 1970s,3> the Suzuki-Miyaura
cross-coupling of organoboron reagents and organic halides has
rapidly developed into a powerful synthetic tool with many
practical applications.3® Despite enormous progress, however,
some challenges remain, such as the coupling of heteroaryl
substrates.3” We used this type of reaction, namely the
Suzuki—Mliyaura cross-coupling of 2-bromopyridine (10) with 4-
tolylboronic acid (11) (Scheme 6), to catalytically evaluate the
prepared P,N-chelate complexes 5 and 8, and to compare them
with [PdCl,(C-k%P,N)] (see Figure 1), compounds containing the
related bis(phosphine) ligands, viz. [PdCly(dppf-k2P,P')] (dppf =
1,1’-bis(diphenylphoshino)ferrocene), [PdCly(Ph,PfcCH,PPh,-
k2P,P’)],3® and the triphenylphosphine complex [PdCIl>(PPhs),].
The coupling reactions were performed in benzene—water at 50
°C using 0.2 mol% Pd catalyst and Na,COs; as the base (1.2
equiv.) and were monitored by NMR spectroscopy using the
methyl substituent as a spectroscopic probe.

BIOH), [Pd] (0.2 mol%)

| N Br+ Na,CO; (1.2 equiv.) @—QCH
_N CgHg/water (1:1) \ N/ 3
50°C,6h
CHs
10 1 12

Scheme 6 Pd-catalysed Suzuki—Miyaura cross-coupling of 2-bromopyridine (10) with 4-
tolylboronic acid (11). The boronic acid was used in excess (1.2 equiv. relative to 10).

The results presented in Table 1 indicate the superior
catalytic performance of the previously reported* P,N-chelate
complex [PdCl;(C-k?P,N)], achieving an 81% yield of the targeted
coupling product 12. Somewhat lower yields were obtained
with 8 and [PdCl(dppf-k2P,P’)], whereas the remaining chelate
complexes 5 and [PdCly(PhaPfcCH,PPhy-k%P,P’)] were less

This journal is © The Royal Society of Chemistry 20xx
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efficient. The worst result was obtained with [PdCl;(PPhs),]
featuring monodentate triphenylphosphine ligands.

The reaction mixtures retained their initial colours (yellow
or yellow-orange due to the catalyst) throughout the reaction;
no formation of palladium black was observed. This suggested
the homogeneous nature of the catalyst,3® which was further
corroborated by the mercury poisoning test.*° The reaction
performed with complex 8 as the representative catalyst and
elemental mercury afforded the coupling product with a
practically unchanged yield (63%).

Table 1 Summary of the catalytic results.?

Catalyst  Yield of 12 [%] Catalyst Yield of 12 [%]
5 56 [PdCly(dppf)] 73
8 66 [PACIy(Ph,PfcCH,PPhy)] 55
[PdCIy(C)] 81 [PdCI;(PPhs),] 20

3 For conditions, see the text. The yields were determined by *H NMR spectroscopy
and represent an average of two independent runs, where the yield differed by
less than 5%.

Conclusions

Overall, this study reports the preparation of three hybrid
phosphinoferrocene ligands bearing an additional 1-methyl-1H-
imidazol-2-yle substituent. This N-donor pendant is connected
via different bridging units, viz. CH(OH), C=0, and CH3, which
significantly influence the coordination behaviour of the
resulting P,N-hybrid ligands. While the compounds featuring
the flexible CH(OH) and CH; bridges readily form P,N-chelate
complexes, the similar coordination of their C=0-bridged
analogue is compromised by the tendency of the carbonyl
group to remain conjugated with the cyclopentadienyl and
imidazole moieties and, possibly, also by the changed basicity
of the imidazole nitrogen. Additional features that differentiate
the linkers and, consequently, the ligands and their complexes,
are their stereochemical properties (chirality) and different
abilities to form intermolecular interactions, typically hydrogen
bonds. Reactivity tests performed with these ligands suggest
their hemilabile coordination to Pd(Il), which enables exchange
between the stereocisomers and their mutual interconversions
via conformational changes. The complexes exhibit favourable
catalytic properties that render them attractive (pre)catalysts
for Suzuki—Miyaura reactions of difficult-to-couple substrates.

Experimental

Materials and methods

All syntheses were performed under a nitrogen atmosphere
using the standard Schlenk techniques.#! 1-Bromo-1'-
(diphenylphosphino)ferrocene (4),® the corresponding borane
adduct 4-BH3,*? [PACl,(PhPfcCH,PPh,-k2P,P)],38 and
[PdCly(dppf-k2P,P’)]** were synthesised by following the
literature procedures. Other chemicals were purchased from
commercial suppliers (Sigma-Aldrich and TCl) and were used as
received. Anhydrous and oxygen-free tetrahydrofuran (THF),
dichloromethane, toluene and diethyl ether were obtained

This journal is © The Royal Society of Chemistry 20xx
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from a PureSolv MD5 solvent purification system,(lnnovative
Technology, Inc.). The solvents for colum®eRrEmATYEEpRY R
crystallisations were used without purification (analytical grade;
Lach-Ner, Czech Republic).

The NMR spectra were recorded on Bruker Avance Il 400,
Avance NEO 400, and Avance Il 600 spectrometers at 25 °C.
Chemical shifts (8/ppm) are given relative to internal
tetramethylsilane (*H and 3C NMR) and external 85% aqueous
H3PO4 (3!P NMR). The signals are labelled as s (singlet), d
(doublet), t (triplet), g (quartet), and m (multiplet),** with the
prefix v added for virtual multiplets due to the magnetically
nonequivalent hydrogen atoms at the substituted
cyclopentadienyl rings (CsHa). Electrospray ionisation mass
spectra (ESI MS) were obtained on a Bruker QTOF Micro
spectrometer using samples dissolved in methanol or
acetonitrile (HPLC grade). Elemental analyses were performed
on a PE 2400 Series Il CHNS/O elemental analyser (Perkin
Elmer). Some of the compounds were obtained as crystallising
(solidifying) oils, which tended to retain the solvents used
during isolation. The amount of residual solvent was verified by
NMR analysis and considered during the following synthetic
steps, especially during the preparation of Pd(Il) complexes.
Details of structure determination are available in the SI.

Syntheses

Preparation of alcohol 1. An oven-dried 25 mL flask was
charged with bromide 4 (449 mg, 1.0 mmol) and anhydrous THF
(10 mL) under nitrogen, and the solution was cooled to -78 °C
using a dry ice/ethanol bath. n-Butyllithium (0.44 mL of 2.5 M
solution in THF, 1.1 mmol) was introduced, and the resulting
mixture was stirred for 45 min, during which time an orange
precipitate formed. A solution of 1-methyl-1H-imidazole-2-
carboxaldehyde (121 mg, 1.1 mmol) in dry THF (5 mL) was
added, and the reaction mixture was stirred with cooling for 15
min and then at room temperature for another 2 h. During this
period, the orange precipitate completely dissolved. The
reaction was terminated by the addition of distilled water (20
mL) and ethyl acetate (30 mL). The orange organic layer was
separated, washed with brine (20 mL), dried over MgSQ,,
filtered, and concentrated under vacuum. The orange residue
was dissolved in dichloromethane (40 mL) and evaporated with
chromatographic alumina. The crude preadsorbed material was
transferred onto the top of an alumina column packed with
hexane—ethyl acetate (3:1). Elution with the same solvent
mixture led to the separation of the first yellow band, which
contained nonpolar byproducts (66 mg). The second red band,
eluted with hexane—ethyl acetate (1:1), afforded ketone 2 as a
red oil (3 mg, 1%). Finally, the eluent was changed to
dichloromethane—methanol (20:1) to elute the product. The
subsequent evaporation produced alcohol 1 as an orange solid.
Yield: 280 mg (58%). The crystal used for structure
determination was obtained from acetonitrile—diethyl ether.

1H NMR (400 MHz, CDCls): 6 3.62 (s, 3 H, CH3), 4.04—4.08 (m,
2 H, CsHa), 4.11-4.16 (m, 2 H, CsHa), 4.16-4.19 (m, 1 H, CsHa),
4.28-4.30 (m, 1 H, CsHa), 4.40—4.45 (m, 2 H, CsHa), 5.62 (s, 1 H,
CHOH), 6.75 (d, J = 1.2 Hz, 1 H, C3H;N>), 6.89 (d, J=1.2 Hz, 1 H,
C3H2N3), 7.28-7.45 (m, 10 H, PPh,). The signal of CHOH was not
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observed. 3P{'H} NMR (162 MHz, CDCls) & —16.9 (s, PPh,).
13C{1H} NMR (100.6 MHz, CDCls): & 33.25 (s, CHs), 66.19 (s,
CHOH), 67.56 (s, CH CsHa), 68.32 (s, CH CsHs), 69.23 (s, CH CsHa),
69.45 (s, CH CsHa), 71.70 (d, Jec = 3 Hz, CH CsHa), 71.86 (d, Jpc =
4 Hz, CH CsH4), 73.12 (d, Jpc = 12 Hz, CH CsH4), 73.94 (d, Jpc = 16
Hz, CH CsHa), 76.21 (d, Jpc = 5 Hz, CP°-P CsHa), 90.65 (s, CPs-C
CsHa), 121.69 (s, CH C3H2N3), 126.92 (s, CH CsH3N3), 128.19 (s,
CH PPh3), 128.26 (s, CH PPh3), 128.58 (s, CH PPh3), 128.72 (s, CH
PPh,), 133.32 (d, Jpc = 19 Hz, CH PPh,), 133.68 (d, Jpc = 19 Hz, CH
PPh,), 138.44 (d, Jec = 9 Hz, CPs° PPh,), 138.85 (d, Jpc = 9 Hz, CiPs°
PPh,), 148.32 (s, CP* C3H.N.). HRMS (ESI+), m/z calc. for
Ca7H26FeN,0P ([M + H]*): 481.1126; found: 481.1148. Anal. Calc.
for Ca7H2sFeN,OP (480.3): C 67.52, H 5.25, N 5.83%. Found: C
67.40, H 5.14, N 5.94%.

Synthesis of adduct 1:BHs;. Bromide 4-BH; (2.776 g, 6.0
mmol) was dissolved in anhydrous THF (60 mL), and the solution
was cooled to —78 °C using a dry ice/ethanol bath. n-
Butyllithium (2.6 mL of 2.5 M solution in THF, 6.6 mmol) was
added, and the mixture was stirred for 45 min (an orange
precipitate formed during this time). Next, a solution of 1-
methyl-1H-imidazole-2-carboxaldehyde (0.727 g, 6.6 mmol) in
dry THF (20 mL) was added, and the resulting mixture was
stirred under cooling for 15 min and then at room temperature
for 2 h. The orange precipitate dissolved, and another
orange—yellow solid separated from the reaction mixture. The
reaction was terminated by adding distilled water (75 mL) and
ethyl acetate (150 mL). The orange organic layer was separated,
washed with brine (60 mL), dried over MgS0,, filtered, and
concentrated under vacuum. The orange residue was dissolved
in dichloromethane (100 mL) and evaporated with
chromatographic alumina. The preadsorbed product was
transferred onto the top of an alumina column packed with
hexane—ethyl acetate (3:1). Elution with the same solvent
mixture led to the development of the first yellow band
containing nonpolar byproducts (629 mg). A second red band
was eluted with hexane—ethyl acetate (1:1), which produced
2-BHj3 as a red oil after evaporation (15 mg, 1%). Eventually, the
mobile phase was changed to dichloromethane—methanol
(50:1) to elute the targeted product. After evaporation,
compound 1-BHz was obtained as an orange solid. Yield: 2.003
g (68%).

1H NMR (400 MHz, CDCls): 6 0.72—-1.80 (br m, 3 H, BHs), 3.58
(s, 3 H, CHs), 4.01-4.08 (m, 2 H, CsHa), 4.16—4.20 (m, 1 H, CsHa),
4.34-4.38 (m, 1 H, CsHa), 4.38—4.44 (m, 2 H, CsHa), 4.52-4.56
(m, 1 H, CsH4), 4.56—4.59 (m, 1 H, CsHa4), 5.55 (s, 1 H, CHOH), 6.73
(d, J = 1.2 Hz, 1 H, C3H2N3), 6.87 (d, J = 1.2 Hz, 1 H, CsH;N3),
7.35-7.51 (m, 6 H, PPh,), 7.52—7.65 (m, 4 H, PPhs). 3!P{H} NMR
(162 MHz, CDCl3) 6 15.7 (br s, PPhy:BHs). 13C{*H} NMR (100.6
MHz, CDCls3): & 33.27 (s, CHs), 65.58 (s, CHOH), 68.24 (s, CH
CsH4), 68.87 (s, CH CsHa), 69.26 (d, Jec = 69 Hz, CPs°-P CsH4), 69.76
(s, CH CsHg), 70.16 (s, CH CsHa), 73.04 (d, Joc = 8 Hz, CH CsHa),
73.27 (d, Joc = 8 Hz, CH CsHa), 73.40 (d, Joc = 10 Hz, CH CsHa),
73.61 (d, Jec = 10 Hz, CH CsHg), 91.21 (s, CPso-C CsH,), 121.71 (s,
CH C3H3N3), 126.74 (s, CH CsH2N3), 128.41 (s, CH PPh,), 128.51
(s, CH PPh;), 130.92 (d, Jec = 3 Hz, CH PPh;), 130.97 (d, Jpc = 3 Hz,
CH PPh3), 131.04 (d, Jec = 59 Hz, CPs° PPh;), 131.17 (d, Jpc = 59
Hz, CPs° PPh,), 132.57 (d, Jec = 10 Hz, CH PPhy), 132.67 (d, Jpc =

8 | J. Name., 2012, 00, 1-3

10 Hz, CH PPh;), 148.53 (s, CP= C3H;N;). HRMS (ESkt), /4Z alG
for Co7H29BFeN,OP ([M + H]*): 495.1465; féund? 495/ D4A680 38R
Calc. for Cy7H28BFeN,OP-0.1CH,Cl; (502.7): C 64.76, H 5.66, N
5.57%. Found: C 64.91, H 5.49, N 5.35%.

Synthesis of 2:BHs. A 25 mL flask was charged with 1-BH3
(247 mg, 0.5 mmol), MnO; (869 mg, 10 mmol), and anhydrous
dichloromethane (10 mL). The resulting dark mixture was
stirred at room temperature for 1 h and filtered through a Celite
pad on a frit. The frit was washed with dichloromethane until
the filtrate became colourless. The combined filtrate was
evaporated under vacuum, and the residue was dissolved in a
minimal amount of dichloromethane—methanol (20:1) and
transferred onto the top of a silica gel column. Elution with the
same solvent resulted in the formation of a red band, which was
collected and evaporated to produce ketone 2-BHs; as a red
solid. Yield: 176 mg (71%).

1H NMR (400 MHz, CDCls): 6 0.68—1.82 (br m, 3 H, BH3), 3.99
(s, 3 H CHs), 4.45 (vq, J' = 1.9 Hz, 2 H, CsHa), 4.47—4.54 (m, 4 H,
CsHa), 5.31 (vt, J' = 2.0 Hz, 2 H, CsHa), 7.02 (d, J = 1.0 Hz, 1 H,
C3H2N,), 7.13 (d, J = 1.0 Hz, 1 H, CsH2Ny), 7.32-7.44 (m, 4 H,
PPhy), 7.43-7.50 (m, 2 H, PPh;), 7.51—7.60 (m, 4 H, PPhy). 3!P{tH}
NMR (162 MHz, CDCl3) & 15.8 (br s, PPhy-BH3). 13C{IH} NMR
(100.6 MHz, CDCls): 6 36.31 (s, CHs), 70.61 (d, Jpc = 67 Hz, CiPso-
P CsHa), 73.44 (s, CH CsHg), 74.28 (d, Joc = 10 Hz, CH CsHa), 74.50
(d, Jec =7 Hz, CH CsH4), 74.51 (s, CH CsHy), 79.40 (s, CPs°-C CsHa),
126.24 (s, CH C3HyN,), 128.48 (d, Jec = 10 Hz, CH PPh;), 128.87
(s, CH C3H2N3), 130.84 (d, Jpc = 59 Hz, CiPs° PPh,), 130.99 (d, Jec =
2 Hz, CH PPh,), 132.61 (d, Jpc = 10 Hz, CH PPhy), 143.41 (s, CPs®
C3H;N,), 187.20 (s, C=0). HRMS (ESI+), m/z calc. for
Ca7H27BFeN20OP ([M + HJ¥): 493.1298; found: 493.1299. Anal.
Calc. for Cy7H26BFeN,OP (492.1): C 65.89, H 5.33, N 5.69%.
Found: C 65.98, H 5.30, N 5.65%.

Deprotection of 2:BHs. A dry Schlenk flask was charged with
2-BH3 (123 mg, 0.25 mmol) and 1,4-diazabicyclo[2.2.2]octane
(dabco; 140 mg, 1.3 mmol). After three vacuum-—nitrogen
cycles, degassed toluene (1.5 mL) was introduced, and the
resulting red solution was heated at 50 °C for 2 h. The solvent
was removed under vacuum, and the residue was dissolved in a
minimal amount of dichloromethane (5 mL) and evaporated
with chromatographic silica gel. The crude preadsorbed product
was loaded onto a silica gel column packed with hexane—ethyl
acetate (3:1). Elution with the same solvent mixture resulted in
the formation of a red band, which was collected and
evaporated to produce 2 as a red solid. Yield: 99 mg (83%).

'H NMR (400 MHz, CDCl3): & 4.02 (s, 3 H, CHs), 4.09 (vq, J’
1.8 Hz, 2 H, CsHa4), 4.37 (vt, J' = 1.8 Hz, 2 H, CsH4), 4.44 (vt, J' =
2.0 Hz, 2 H, CsH4), 5.37 (vt, J'=2.0 Hz, 2 H, CsH4), 7.02 (d, /= 1.0
Hz, 1 H, C3H2N3), 7.15 (d, /= 1.0 Hz, 1 H, CsH3N3), 7.28-7.36 (m,
10 H, PPhy). 31P{*H} NMR (162 MHz, CDCls) § —18.0 (s, PPhy).
13C{1H} NMR (100.6 MHz, CDCls): & 36.36 (s, CHs), 72.96 (s, CH
C5H4), 73.14 (d,Jpc =4 HZ, CH C5H4), 73.93 (d,Jpc =1 HZ, CH C5H4),
74.41 (d, Jec = 14 Hz, CH CsHy), 78.19 (d, Jpc = 9 Hz, CP°-P CsHa),
78.99 (s, CP°-C CsHy), 126.04 (s, CH CsH2N3),128.18 (d, Jpc = 7
Hz, CH PPh;),128.57 (s, CH PPh3), 128.71 (s, CH CsH3;N3), 133.47
(d, Joc = 20 Hz, CH PPh;), 138.56 (d, Jpc = 10 Hz, CIP=° PPh,), 143.68
(s, CPs© C3H2N3), 187.20 (s, C=0). HRMS (ESI+), m/z calc. for
Ca7H24FeN,0P ([M + H]*): 479.0970; found: 479.0961. Anal. Calc.

This journal is © The Royal Society of Chemistry 20xx
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for Ca7H23FeN,0OP-0.1CH,Cl, (486.8): C 66.86, H 4.80, N 5.75%.
Found: C67.28, H5.01, N 5.33%.

Deoxygenation of 1-BH3. Adduct 1-BH3 (645 mg, 1.3 mmol)
was dissolved in dry dichloromethane (15 mL) under nitrogen.
Neat triethylsilane (3.1 mL, 20 mmol) followed by trifluoroacetic
acid (1.5 mL, 20 mmol) were added dropwise, and the resulting
brown—orange solution was stirred at room temperature
overnight. Saturated aqueous NaHCO3 (50 mL) was added, and
the mixture was vigorously stirred for an additional 20 min. The
organic layer was separated and washed successively with
saturated aqueous NaHCOs (4 x 40 mL), distilled water (40 mL),
and brine (40 mL), dried over MgS0,4, and evaporated. The
residue was taken up with dichloromethane and purified by
chromatography over alumina. Elution with pure
dichloromethane removed a minor yellow band, which was
discarded. The mobile phase was then changed to
dichloromethane—methanol (75:1) to elute a second major
yellow band, which was collected and evaporated under
vacuum, leaving a 65:35 mixture of 3 and 3:BH3 as a yellow oil.
Yield: 280 mg.

Selected characterisation data for 3:BH3. 'H NMR (400 MHz,
CDCl3): 6 3.50 (s, 3 H, CH3), 3.56 (s, 2 H, CH3), 4.0 (m, 2 H, CsHa),
4.17 (vt, J'= 1.8 Hz, 2 H, CsHa), 4.37 (v, J'= 1.9 Hz, 2 H, CsHa),
4.51 (vq, J'= 1.9 Hz, 2 H, CsHa); other signals could not be
unambiguously identified because of overlaps with the
resonances of the free phosphine. 3'P{*H} NMR (162 MHz,
CDCl3) 6 15.7 (br s, PPhy:BH3). HRMS (ESI+), m/z calc. for
Ca7H26FeN,P ([3 + H]*): 465.1177; found: 465.1182; m/z calc. for
Ca7H29BFeNyP ([3:BH3 + H]*): 479.1505; found: 479.1497.

Preparation of 3. A dry Schlenk flask was charged with the
mixture of 3 and 3:BH3 from the preceding step (65:35, 280 mg)
and 1,4-diazabicyclo[2.2.2]octane (334 mg, 3.0 mmol). After
three vacuum-—nitrogen cycles, degassed toluene (8 mL) was
introduced, and the yellow reaction mixture was stirred at 60 °C
for 3 h. Then, the mixture was concentrated under vacuum, and
the residue was dissolved in a minimal amount of
dichloromethane—methanol (20:1) and purified by
chromatography on a silica gel column, eluting with the same
solvent mixture. The first yellow band was collected and
evaporated, leaving 3-0.1CH,Cl, as a yellow solid. Yield: 185 mg
(30% over the two steps).

1H NMR (400 MHz, CDCl5): 6 3.48 (s, 3 H, CH3), 3.59 (s, 2 H,
CHy), 3.98 (vt, J' = 1.8 Hz, 2 H, CsH4), 4.06 (vg, J'=1.9 Hz, 2 H,
CsHa), 4.09 (vt, J' = 1.9 Hz, 2 H, CsHa), 4.36 (vt, J' = 1.8 Hz, 2 H,
CsHa), 6.71 (s, 1 H, CsH3N3), 6.87 (s, 1 H, CsH3N,), 7.27-7.33 (m,
6 H, PPh,), 7.33-7.42 (m, 4 H, PPh,). 3P{*H} NMR (162 MHz,
CDCl3) 6 16.9 (s, PPh,). 13C{*H} NMR (100.6 MHz, CDCl3): § 27.34
(s, CH3), 32.96 (s, CHs), 69.07 (s, CH CsHa), 69.78 (s, CH CsHa),
72.03 (d, Jpc = 4 Hz, CH CsHa), 73,71 (d, Joc = 15 Hz, CH CsHa),
76.03 (d, Jpc = 6 Hz, CP°-P CsHy), 84.86 (s, CPs°-C CsH4), 120.50
(s, CH C3H3N>), 126.79 (s, CH C3H,N5), 128.14 (d, Jec = 7 Hz, CH
PPh;), 128.49 (CH PPh3), 133.52 (d, Jec = 20 Hz, CH PPh;), 139.19
(d, Jec = 10 Hz, CPs© PPhy), 147.20 (s, CiPs° C3H,N,). HRMS (ESI+),
my/z calc. for Ca7H26FeN2P ([M + H]*): 465.1177; found: 465.1172.
Anal. Calc. for C;7H2sFeN;P-0.1CH,Cl, (472.8): C68.84, H5.37, N
5.92%. Found: C 68.77, H 5.24, N 6.02%.

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of [PdCl>(1-k?P,N)] (5). A 25 mL flask, gquipped
with a magnetic stirring bar was charged Rithl2 {98205 056
mmol) and [PdCl;(MeCN):] (13.0 mg, 0.050 mmol). The solids
were dissolved in anhydrous dry dichloromethane (5 mL), and
the resulting red—orange solution was stirred for 30 min.
Subsequent evaporation afforded complex 5 as an orange
powder. Yield: 30.0 mg (quantitative). The crystal used for
structure determination was grown from chloroform—hexane.

1H NMR (400 MHz, CD,Cl; + ca. 20% CDs0D): § 2.87 (brs, 1
H, CsHa4), 3.80 (brs, 1 H, CsH4), 4.07 (s, 3 H, CHs), 4.32—4.36 (m,
2 H, CsHa), 4.36—4.39 (m, 1 H, CsHa), 4.41-4.44 (m, 1 H, CsHa),
4.51-4.55 (m, 1 H, CsHg), 5.05-5.09 (m, 1 H, CsHa4), 6.58 (d, J =
1.7 Hz, 1 H, C3H2N3y), 6.86 (d, J = 1.7 Hz, 1 H, C3H2N,), 7.06 (s, 1
H, CHOH), 7.38—7.49 (m, 4 H, PPh,), 7.49-7.58 (m, 2 H, PPh.),
7.58-7.69 (m, 2 H, PPhy), 7.72—7.81 (m, 2 H, PPh;). The CHOH
signal was not observed. 3'P{1H} NMR (162 MHz, CD,Cl, and ca.
20% CDsOD) 6 22.3 (s, PPhy). *H NMR (400 MHz, dmso-de): &
2.70 (brs 1 H, CsHs), 3.60 (brs 1 H, CsHa), 4.00 (s, 3 H, CH3), 4.34-
4.38 (m, 2 H, CsH4), 4.45-4.49 (m, 1 H, CsH4), 4.49-4.53 (m, 1 H,
CsHa), 4.60-4.65 (m, 1 H, CsHs), 5.05-5.09 (m, 1 H, CsHa), 6.47 (d,
J=1.7 Hz, 1 H, CHOH), 6.54 (d, J = 4.1 Hz, 1 H, C3H2N3), 6.90 (d,
J=4.1Hz,1H, CsH3N3), 7.20(d, /=1.7 Hz, 1 H, CHOH), 7.41-7.63
(m, 8 H, PPhy), 7.64-7.71 (m, 2 H, PPhs). 31P{*H} NMR (162 MHz,
dmso-dg): 6 20.6 (s, PPh;). 3C{*H} NMR (100.6 MHz, CD,Cl; + ca.
20% CD30D): & 69.48 (s, CH CsHa), 69.71 (s, CHOH), 70.56 (s, CH
CsHa), 70.86 (s, CH CsHa), 72.47 (d, Jec = 7 Hz, CH CsHa), 72.95 (d,
Jec = 11 Hz, CH CsHa), 74.75 (s, CH CsHa), 75.23 (d, Jec = 8 Hz, CH
CsHa), 76.68 (d, Joc = 9 Hz, CH CsHa), 89.69 (s, CPs°-C CsH4), 123.69
(s, CH CsH3N,), =128.3 (s, CH CsHN5), 128.34 (d, Jec = 12 Hz, CH
PPh;,), 129.44 (d, Jec = 12 Hz, CH PPh;), =131.7 (d, Jec = 3 Hz, CH
PPh;), 132.21 (d, Jec = 3 Hz, CH PPh;), 134.05 (d, Jpc = 11 Hz, CH
PPh;), 134.20 (d, Jpc = 11 Hz, CH PPh;), =151 (s, CPs® CsH2N3). The
ferrocene CPs°-P signal was not observed. HRMS (ESI+), m/z
calc. for Cy7H2sCIFeN,OPPd ([M — CI]*): 620.9771; found:
620.9776. Anal. Calc. for C27H25Cl.FeN,OPPd-0.5CH,Cl; (700.1):
C47.18,H 3.74, N 4.00%. Found: C 47.14, H 3.61, N 3.91%.

Synthesis of [Pd(1-k?P,N),]Cl, (6a). A 25 mL flask equipped
with a magnetic stirring bar was charged with 1 (24.0 mg, 0.05
mmol) and [PdCl;(MeCN)z] (6.5 mg, 0.025 mmol). Anhydrous
dichloromethane (2 mL) was introduced, and the resulting red
solution was stirred for 30 min. Evaporation produced complex
6a as a dark orange solid. Yield: 28.5 mg (quantitative). The
crystal used for structure determination was obtained from
chloroform—hexane.

HRMS (ESI+), m/z calc. for CsqHsoFeaN4O2P,Pd ([M — (Cl)2]2):
533.0566; found: 533.0562.

Synthesis of [Pd(1-k2P,N);][BF.]> (6b). A 25 mL flask was
charged with 1 (19.2 mg, 0.040 mmol) and [Pd(MeCN)4][BFa]2
(8.9 mg, 0.020 mmol). Anhydrous dichloromethane (4 mL) and
anhydrous methanol (0.1 mL) were introduced successively,
and the reaction mixture was stirred for 30 min. The resulting
red solution was evaporated under vacuum, leaving 6b-CH,Cl,
as a red solid. Yield: 26.6 mg (quantitative). Single crystals were
obtained from a solution in dichloromethane—methanol
overlaid with hexane.

31p{*H} NMR (243.0 MHz, CD3CN): 6§ 9.7 and 13.9 (2x d, Jpp =
488 Hz, isomer A), 7.2 and 10.1 (2x d, Jep = 481 Hz, isomer B),
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15.17 (s, isomer C), and 7.04 (s, isomer D).*> HRMS (ESI+), m/z
calc. for CsqHsoFeaN4O2P2Pd ([M — 2BF4]%*): 533.0566; found:
533.0534. Anal. Calc. for C54H5032F3F62N402P2Pd'CH2C|2
(1325.6): C 49.83, H 3.95, N 4.23%. Found: C 49.41, H 3.82, N
4.23%.

Preparation of [PdCl>(2-kP);] (7). A 25 mL flask equipped
with a magnetic stirring bar was charged with 3 (15.8 mg, 0.033
mmol) and [PdCl;(MeCN);] (4.1 mg, 0.016 mmol). The solid
educts were dissolved in anhydrous dichloromethane (2 mL),
and the resulting solution was stirred for 30 min. Subsequent
solvent removal under vacuum produced complex 7 as a red
powder. Yield: 18.6 mg (quantitative). The crystal used for X-ray
diffraction analysis was grown from chloroform—hexane.

1H NMR (400 MHz, CDCls): § 4.00 (s, 3 H, CHs), 4.40 (vt, J
1.9 Hz, 2 H, CsHa), 4.62 (vt, J' = 1.9 Hz, 2 H, CsHa), 4.99 (vt, J'
2.0 Hz, 2 H, CsH4), 5.57 (vt,J'=2.0 Hz, 2 H, CsH4), 7.01 (d, /= 1.0
Hz, 1 H, CsH2N3), 7.13 (d, J = 1.0 Hz, 1 H, C3H;N3), 7.34-7.50 (m,
6 H, PPhy), 7.61-7.69 (m, 4 H, PPh,). 3'P{*H} NMR (162 MHz,
CDCl3): 6 14.7 (s, PPh3). 13C{*H} NMR (100.6 MHz, CDCls): 6 36.39
(s, CHs3), 72.97 (apparent t, J = 28 Hz, CiPs°-P CsH4), 73.57 (s, CH
CsHa), 74.24 (apparent t, Joc = 4 Hz, CH CsHa), 75.83 (s, CH CsHa),
= 76.7 (apparent t, CH CsHj; the signal is partly obscured by the
solvent resonance), 79.37 (s, CPs°-C CsHy), 126.20 (s, CH C3H2N>),
127.84 (apparent t, J = 5 Hz, CH PPh,), 128.93 (s, CH C3H3N,),
130.38 (s, CH PPh;), 130.87 (apparent t, J = 25 Hz, CiPs° PPh,),
134.19 (apparent t, J = 6 Hz, CH PPh;y), 143.49 (s, CP® C3H3N,),
186.99 (s, C=0). MS (ESI+), m/z 1097.1 ([M — CI]*). Anal. Calc. for
Cs4H46Cl2FeaN4O,2P,Pd-CHCI3 (1253.3): € 52.71, H 3.78, N 4.47%.
Found: C52.39, H 3.47, N 4.44%.

Synthesis of [PdCl(3-k2P,N);] (8). A 25 mL flask equipped
with a stirring bar was charged with 3:0.2CH,Cl, (26.7 mg, 0.055
mmol) and [PdCl;(MeCN);] (14.4 mg, 0.055 mmol). Dry
dichloromethane (2 mL) was added, and the orange solution
was stirred for 30 min. Evaporation afforded complex 8 as an
orange solid. Yield: 35.4 mg (quantitative). The crystal used for
structure determination was obtained from chloroform.

1H NMR (600.2 MHz, CD,Cl3): 6 2.52 (brs, 1 H, CsH4), 3.64 (d,
J =15.8 Hz, 1 H, CH3), 3.66 (br s, 1 H, CsHa4), 3.80 (s, 3 H, CHs),
4.13 (brs, 1 H, CsHa), 4.22 (brs, 1 H, CsHa), 4.33 (brs, 1 H, CsHa),
4.35 (brs, 1 H, CsHa), 4.43 (brs, 1 H, CsHa), 4.80 (d, J = 15.8 Hz,
1H, CHy), 5.42 (brs, 1 H, CsHs), 6.45 (brs, 1 H, C3H2N3), 6.78 (br
s, 1 H, CsH2N,), 7.38—7.44 (m, 2 H, PPh,), 7.44-7.62 (m, 6 H,
PPh,), 7.79—-7.86 (m, 2 H, PPh;,). 3P{*H} NMR (243.0 MHz, CDCls)
5 22.3 (s, PPhy). 13C{H} NMR (150.9 MHz, CD,Cl,): & 25.51 (s,
CHs), 35.21 (s, CHs), 68.97 (s, CH CsHa), 69.32 (s, CH CsHa), 69.59
(s, CH CsHa), 69.66 (d, Jec = 61 Hz, CPs°-P CsHg), 71.46 (d, Joc = 7
Hz, CH CsH4), 73.02 (d, Jpc = 11 Hz, CH CsHa), 74.43 (d, Jpc = 8 Hz,
CH CsHg), 76.06 (d, Jec = 8 Hz, CH CsH4), 76.46 (s, CH CsH4), 88.12
(s CiPs°-C CsHa), 121.31 (s, CH C3H2N,), 128.03 (d, Jec = 11 Hz, CH
PPh,), 128.10 (s, CH C3H3N,), 129.33 (d, Jpc = 11 Hz, CH PPh,), =
130 (2x CPse PPh;), 131.27 (d, Jec = 3 Hz, CH PPh;), 131.93 (d, Jec
=3 Hz, CH PPh,), 133.93 (d, Jec = 11 Hz, CH PPh,), 134.17 (d, Jec
=11 Hz, CH PPh;), 152.05 (s, C'Ps° C3H;N3). HRMS (ESI+), m/z calc.
for Cy7H2sCIFeN2PPd ([M — Cl]*): 604.9838; found: 604.9815.
Anal. Calc. for Cy7H35Cl;FeN,PPd-1.5CH,Cl; (769.0): C 44.51, H
3.67, N 3.64%. Found: C 44.97, H 3.21, N 3.70% (crystallised
sample).

10 | J. Name., 2012, 00, 1-3

Preparation of [Pd(3-k?P,N).][BF.]: (9). Ligand,3, (2Z:9-m&.
0.060 mmol) and [Pd(MeCN)4](BF4)> (133!: Ag,0 D050 IRiAv6r)
were mixed in acetonitrile (2 mL). The mixture was stirred for
30 min, and the resulting red—orange solution was evaporated
under vacuum to produce complex 9 as an orange powder.
Yield: 36.4 mg (quantitative).

Isomer A:'H NMR (400 MHz, CDCls): 6 3.45 (s, 3 H, CHs), 3.61
(d, J = 16 Hz, 1 H, CH,), 4.05 (d, J = 16 Hz, 1 H, CHy), 4.25-4.27
(m, 1 H, CsHa), 4.32-4.35 (m, 1 H, CsHs), 4.36-4.39 (m, 1 H,
CsHa), 4.46-4.49 (m, 1 H, CsHa), 4.55-4.59 (m, 1 H, CsHa),
4.62—4.65 (m, 1 H, CsHa), 4.94-4.97 (m, 1 H, CsH4), 5.08-5.12
(m, 1 H, CsHa), 6.87 (d, J = 2 Hz, 1 H, C3H3N,), 6.93 (d, J = 2 Hz, 1
H, C3H2N5). 31P{*H} NMR (162 MHz, CDCls) & 15.3 (s, PPhs).

Isomer B: 'H NMR (400 MHz, CDCls): 6 3.03 (s, 3 H, CH3s),
3.17-3.21 (m, 1 H, CsHa4), 3.26 (d, /= 17 Hz, 1 H, CH,), 3.83-3.85
(m, 1 H, CsHa), 4.24 (d, J = 17 Hz, 1 H, CH,), 4.30-4.32 (m, 1 H,
CsHa), 4.48-4.50 (m, 1 H, CsHa), 4.69-4.71 (m, 1 H, CsHa),
4.82-4.84 (m, 1 H, CsHg), 5.5 (very br s, CsHa), 6.1 (very br s,
CsHa), 6.65 (d, J = 2 Hz, 1 H, CsH2Ns), 6.97 (d, J = 2 Hz, 1 H,
C3H2Ny). 3'P{*H} NMR (162 MHz, CDCl3) § 12.5 (s, PPh).

Anal. Calc. for C54H5082F3F62N4P2Pd (12081) C 5366, H
4.17,N 4.64%. Found: C53.39, H 4.06, N 5.01%. Crystals suitable
for structure determination from
dichloromethane—acetone.

Catalytic experiments. A Schlenk flask equipped with a
magnetic stirring bar was charged successively with 4-
tolylboronic acid (1.2 mmol), sodium carbonate (1.2 mmol), and
the respective Pd catalyst (2 pmol, 0.2 mol.%). After three
vacuum-—nitrogen cycles, 2-bromopyridine (1.0 mmol) was
added using an automatic pipette, and the flask was sealed with
a rubber septum. Degassed benzene and degassed distilled
water (2.0 mL each) were added, and the resulting mixture was
heated at 50 °C under vigorous stirring for 6 h. After cooling to
room temperature, anisole (1.0 mmol) was added as an internal
standard. When the conversion efficiency was low, saturated
aqueous sodium carbonate (3 mL) was added, and the mixture
was shaken to dissolve the crystallised material. A small aliquot
of the organic layer was removed, dried over MgS0,, filtered
through a PTFE syringe filter (pore size: 0.45 um), and diluted
with benzene-dg. The yield was determined using *H NMR
spectroscopy. The mercury poisoning test was performed
similarly, with the mercury metal (=50 mg) added before
introducing the solvent.

Analytical data for 2-(4-methylphenyl)pyridine (12).'H NMR
(400 MHz, CDCl3): 6 2.40 (s, 3 H, CHs3), 7.18 (ddd, /=6.2, 4.8, 2.3
Hz, 1 H, CsHaN), 7.26-7.31 (m, 2 H, CeHa), 7.65—7.76 (m, 2 H,
CsHaN), 7.85-7.93 (m, 2 H, CeHa), 8.64—8.70 (m, 1 H, CsHaN).
13C{1H} NMR (CDCl3): & 21.26 (s, CHs), 120.24 (s, CH CsHa4N),
121.78 (s, CH CsH4N), 126.77 (s, CH CeHa), 129.48 (s, CH CgHa),
136.60 (s, CPs® CgHg), 136.67 (s, CH CsHaN), 138.94 (s, CPs° CgHa),
149.58 (s, CH CsHaN), 157.46 (s, CPs° CsH4N). The data match
those in the literature.*® HRMS (ESI+), m/z calc. for C12H12N ([M
+ H]*): 170.0970; found: 170.0958.

were grown
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