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A Rh(I) complex [k2(P,N)-{P(Oquin)3}RhCl(PPh3)] (1) bearing the
P,N ligand tris(8-quinolinyl)phosphite, P(Oquin)3, has been
synthesized and structurally characterized. The molecular
structure of complex 1 shows that P(Oquin)3 acts as a bidentate
P,N chelate ligand. Reactivity studies of 1 reveal that the
triphenylphosphine ligand can be replaced by Pcy3 or removed
upon oxidation with concomitant coordination of a second 8-
quinolyl unit of P(Oquin)3. In addition, the Rh(III) complex
[RhCl2{OP(Oquin)2}] (3), resulting from treating 1 with either wet
CDCl3 or, sequentially, with HCl and water, was identified by X-

ray diffraction analysis. Complex 1 catalyzes the 1,2-regioselec-
tive hydroboration of pyridines and quinolines, affording N-
boryl-1,2-dihydropyridines (1,2-BDHP) and N-boryl-1,2-hydroqui-
nolines (1,2-BDHQ) in high yield (up to >95%) with turnover
numbers (TONs) of up to 130. The system tolerates a variety of
substrates of different electronic and steric nature. In compar-
ison with other transition-metal-based hydroboration catalysts,
this system is efficient at a low catalyst loading without the
requirement of base or other additives.

Introduction

Dearomative transformations of pyridine derivatives are of
much interest because they can provide access to partially
unsaturated cyclic compounds, such as 1,2-dihydropyridine
(DHP) and 1,2-dihydroquinoline (DHQ) derivatives, which are
useful intermediates for the synthesis of nitrogen-containing
organic molecules.[1—7] Known examples of dearomative trans-
formations involve the stoichiometric formation of pyridinium
salts,[2—4,8] in which a nucleophilic attack to the pyridine ring is
facilitated.[9] Transition metal-catalyzed addition reactions to
pyridines constitute an attractive strategy for the reduction of
these N-heterocyclic rings, which circumvents the stoichiomet-
ric activation via pyridinium salts. Although the direct hydro-
genation of the nitrogen heterocycles is the simplest pathway
to reduce pyridine rings, the harsh reaction conditions
required and ensuing overreduction to form piperidine
derivatives are often problematic.[10—12] Alternative procedures
include catalytic hydrosilylation reactions, which afford sily-
lated di- and tetrahydropyridine derivatives.[13—21] However,
most existing hydrosilylation systems are inconvenient in
terms of over-reduction,[13,14] low selectivity[18] and narrow
substrate scope.[16,22]

In 2011, the group of Suginome found that pyridine
derivatives undergo addition of silylboronic esters in the
presence of a palladium catalyst to yield N-boryl-4-silyl-1,4-
dihydropyridines.[23] This was the first example of catalytic
addition of non-hydrogen elements onto the carbon atoms of
pyridine rings. It was assumed that one of the driving forces of
the reaction is the formation of the strong B� N bond.
Subsequently, it was envisioned that the use of boron-
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containing reagents would promote the addition to pyridine
rings. Catalytic hydroboration (HB)[24—27] has therefore been
proposed as a feasible alternative to hydrogenation for the
dearomative reduction of pyridines.[22,28—40] Marks and co-
workers[28] and the group of Ohmura and Suginome[29]

described the first early (lanthanide) and late (rhodium)
transition-metal-catalyzed hydroboration of pyridines giving
N-boryl-1,2-hydropyridines in a regioselective manner (see
Figure 1). Examples of magnesium-catalyzed hydroboration of
pyridine derivatives, either yielding a mixture of 1,2- and 1,4-
DHP compounds,[30,41] or the 1,2-isomer selectively (Figure 1),[31]

have also been reported in the literature. 1,4-hydroborated
products can be selectively obtained using metal catalysts
based on K,[32] Ni (Figure 1),[33] Zn,[22] Ge,[40] Zr,[34] Ru (Fig-

ure 1),[35] or Ce[36] compounds, cooperative Cu/Fe-
heterobimetallic[42] or Ni/Al-heterotrimetallic scaffold[43] or Hf-
based metal—organic frameworks,[34] organocatalytic proto-
cols involving either organoboranes[44—48] or
organophosphanes,[49,50] or even under basic, catalyst-free
conditions.[51,52] By contrast, the 1,2-regioselective reduction of
N-heteroaromatic compounds is a much more challenging
task (Figure 1).[21,28,29,31,37,38,53,54] Of these, the metal-catalyzed
systems use catalyst loadings typically of 1—2 mol%,[28,29,31,37,38]

require addition of basic ligands[29] or return only moderate
yields of product.[37] The development of efficient catalytic
methodologies for the selective partial reduction of pyridines
and quinolines to 1,2-DHP and 1,2-DHQ derivatives under mild
conditions is, therefore, highly desirable, and becomes then an
interesting goal.

In 2018, some of us reported the hybrid phosphite
compound tris(8-quinolinyl)phosphite, P(Oquin)3.

[55] Our stud-
ies have demonstrated the potential of this phosphite ligand
in homogeneous-catalyzed oxidation reactions using palladi-
um catalysts[55] and as an organocatalyst in metal-free transfer
hydrogenations.[56] The interest in this ligand resides in its
variable denticity, and in its combination of both soft and hard
donor atoms on the same ligand scaffold.[57] These character-
istics could be useful in the stabilization of transition metal
species and could favorably influence the catalytic properties,
e. g. through hemilability, as observed for other P,N ligands.[58—

60]

Herein, we describe the synthesis, characterization, and
reactivity of the rhodium(I) complex [k2(P,N)-{P(Oquin)3}
RhCl(PPh3)] (1), and we show that this compound effectively
catalyzes the regioselective 1,2-hydroboration of pyridines and
quinolines using a catalyst loading of 0.75 mol%.[29,31,37,38,53]

Rhodium-based catalysts continue to attract attention in
borylation reactions of a variety of substrates.[61]

Results and Discussion

Synthesis and Characterization of the Rh(I) Complex

Our study began with the synthesis of complex [k2(P,N)-
{P(Oquin)3}RhCl(PPh3)] (1). The compound is formed according
to Scheme 1 by reacting either [(cod)RhCl(PPh3)] (cod=1,5-
cyclooctadiene) or [(PPh3)3RhCl] (Wilkinson’s catalyst) with

Figure 1. Metal-based methodologies from the literature contrasted with the
system herein reported, in the partial reduction of pyridines and quinolines.

Scheme 1. Synthesis of the rhodium (I) complex [k2(P,N)-{P(OQuin)3}
RhCl(PPh3)] (1).
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solutions of P(Oquin)3
[56] in dichloromethane (CH2Cl2) at low

temperature (� 75 °C). The reaction mixture was allowed to
reach room temperature (RT), and after solvent evaporation
and washing the crude product with diethyl ether, complex 1
was isolated in high yield (80%). The product is a pale-orange
solid sensitive to air and moisture. 1H, 13C{1H}, and 31P{1H} NMR
spectroscopic data (including homo- and heteronuclear corre-
lations obtained from two-dimensional spectra), elemental
analysis, and LIFDI-MS (see Supporting Information, Figures S1
—S8) of 1 are in accordance with the proposed structure.

The 31P{1H} NMR spectrum shows two sets of doublets of
doublets (dd) at δ=116.1 ppm (P(Oquin)3) and 49.8 ppm
(PPh3) with coupling constants of 1JPRh =310.9 Hz, 2JPP =52.8 Hz
and 1JPRh =171.1 Hz (Figure S4, Supporting Information). The
signal for P(Oquin)3 is shifted to high field in contrast with the
free ligand (δ=130 ppm);[55,56] while the signal for PPh3 is
downfield shifted (free PPh3: δ= � 5 ppm). A comparison of
the chemical shifts and coupling constants with analogous
rhodium(I) complexes bearing phosphine and phosphite
donors strongly suggests a cis configuration for 1 in
solution.[62,63]

The 1H NMR spectrum confirms the k2(P,N) coordination
mode of the tris(8-quinolyl)phosphite ligand (Figure S2, Sup-
porting Information). As previously observed with the [k2(P,N)-
{P(Oquin)3}PdCl2] complex,[55] the resonances of P(Oquin)3 in 1
appear as two separate spin systems: one for the pyridine
fragment, as AMX-type (δ=9.10, 8.20, and 7.34 ppm), and one
for the phenol-like ring, as ABM-type (δ=7.71, 7.54, and
7.31 ppm). The most deshielded signal (δ=9.10 ppm) corre-
sponds to the H atom in the ortho position with respect to the
N atom, as confirmed by 2D NMR experiments (COSY, HSQC
and HMBC). At 25 °C, the resonances from the three quinoline
moieties are equivalent. This spectroscopic data suggests that,
in solution (CD2Cl2), the P(Oquin)3 ligand in complex 1 is
hemilabile. A similar process was previously observed for the
analogous [k2(P,N)-{P(OQuin)3}PdCl2] complex.[55]

Crystals of 1 suitable for single crystal X-ray analysis were
obtained either from CH2Cl2/n-hexane or from THF/diethyl
ether. The molecular structures obtained for both crystals
were very similar, hence only the former one is discussed
(Figure 2, see Table 1 for selected bond parameters and the
Supporting Information for further details). The single crystal
X-ray analysis revealed that P(OQuin)3 acts as a bidentate
chelate ligand toward rhodium, thus confirming the k2(P,N)
coordination mode of P(OQuin)3 suggested by the 1H NMR
spectrum in solution. Furthermore, the “cis” configuration of
the square planar structure indicated by the 2JPP coupling
constants determined by solution 31P{1H} NMR spectroscopy is
also present in the solid state.

The Rh� P bond lengths of 1 are significantly different, with
the phosphorus atom of the phosphite unit being closer to
the metal center (2.095(2) vs. 2.235(4) Å). A similar phenomen-
on was described by Stelzer and Montgomery for the related
complexes A and B (Table 1). In these complexes the Rh� P
bonds trans to the chlorine atoms (A: 2.158(2) Å; B: 2.106(1) Å)
are noticeably shorter than those trans to the nitrogen donors
(A: 2.252(3) Å; or B: 2.229(1) Å).[64,65] Likewise, the Rh� N1

(2.151(2) Å) and Rh� Cl1 (2.412(1) Å) distances in 1 are
comparable to those reported by Stelzer (complex A: Rh� N
2.146(3) Å; Rh� Cl 2.429(2) Å) and Montgomery (complex B:
Rh� N 2.162(3) Å; Rh� Cl 2.365(1) Å). Rhodium(I) complexes
bearing P,N chelates known to be hemilabile in solution
exhibit Rh� N bond lengths between 2.14 to 2.19 Å in the solid
state.[66,67] In addition, the six-membered ring defined by
Rh� N1� C1� -C2� O1� P1 shows a roughly half-chair-shaped

Figure 2. Molecular structure of complex [k2(P,N){P(OQuin)3}RhCl(PPh3)] (1).
Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms and
the dichloromethane solvate molecule have been removed for clarity.

Table 1. Selected bond distances and angles for complex 1 and related
compounds A-C.

Compound 1 A[64] B[65] C[68]

Bond distances [Å]

Rh� P1 2.095(2) 2.158(2) 2.106(1) 2.150(1)

Rh� P2 2.235(4) 2.252(3) 2.229(1) 2.167(1)

Rh� N1 2.151(2) 2.146(3) 2.162(3) 2.132(3)

Rh� Cl 2.412(1) 2.429(2) 2.365(1) 2.398(2)

Angles [°]

P1� Rh� N1 90.22(5) 80.9(1) 91.36(7) 91.87(8)

P1� Rh� P2 93.16(2) 94.47(8) 94.45(3) 92.98(3)

P2� Rh� Cl1 90.57 (2) 100.14(7) 90.31(2) 89.30(3)

N1� Rh� Cl1 90.62 (5) 84.5(1) 84.00(6) 89.75(8)

P1� Rh� Cl1 160.7(2) 165.35(9) 174.78(3) 177.75(3)
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conformation, as seen in Montgomery’s compound, B. The
angle P1� Rh� N1 (90.22(2)°) approximates the ideal value of a
square planar geometry and is close to the magnitude
reported for related species (Table 1, B and C).[65,68]

The square planar molecular structure of 1 is slightly
distorted as indicated by the angle between the planes P1/Rh/
N1 and P2/Rh/Cl1 of 21.68(8)°. This distortion likely results
from the repulsion between the P(OQuin)3 and PPh3 ligands.
The two aromatic units of the coordinated quinoline moiety
are slightly twisted, as indicated by the C6� C1� N1� C9 and
C6� C1� C2� C3 torsion angles (� 3.13(6)° and � 5.85(6)° respec-
tively). Twisting of coordinated quinoline scaffolds have also
been observed in related P,N chelate complexes of rhodium
and palladium.[55,69–71]

Reactivity of the Rh(I) Complex 1

NMR monitoring studies were performed to investigate the
reactivity of complex 1 toward different external agents. The
stability in solution of 1 in selected solvents and at different
temperatures was first examined.

The stability of complex 1 in THF solution was evaluated
over the course of 6 h by 31P{1H} NMR spectroscopy at 0 °C,
room temperature, and at 50 °C. In every case, the complex
was stable in solution, according to the NMR evidence. By
contrast, in CDCl3, 1 exhibits an entirely different behavior in
solution (Scheme 2). 31P{1H} NMR monitoring of a dry CDCl3
solution of 1 at 50 °C revealed a gradual dissociation process
of the PPh3 ligand, identified by a singlet δ= � 5 ppm,
accompanied by coordination of a second quinoline unit of
the P(OQuin)3 ligand (Scheme 2a). The species formed in
solution exhibits a doublet resonance at δ=90.8 ppm (1JPRh =

161.6 Hz) (Figure S10, Supporting Information). This phosphine
ligand release and coordination of another quinoline unit
reaches completion after 6 h. When 1 was dissolved in
commercially available (wet) CDCl3 (Scheme 2b), a different
reactivity was observed. Heating this solution to 50 °C for 24 h
in a J. Young NMR tube afforded several phosphorus-
containing rhodium compounds. The 31P{1H} NMR spectrum of
the reaction mixture shows only two sets of signals with
multiplicity doublet of doublets, appearing at 1) δ=69.3
(1JPRh =151.0 Hz, 2JPP =29.5 Hz) and δ=55.5 (1JPRh =146.0 Hz,
2JPP =30.1 Hz) ppm, and 2) δ=48.4 (1JPRh =128.0 Hz, 2JPP =

15.0 Hz) and δ=23.4 (1JPRh =124.1 Hz, 2JPP =14.9 Hz) ppm. The
other phosphorus-containing rhodium compounds formed
during this test gave rise to resonances at δ=61.0 (d, 1JPRh =

130.7 Hz) and δ=16.2 (d, 1JPRh =92.5 Hz) ppm. Additionally,
free PPh3 (δ= � 4.9 ppm), OPPh3 (δ=29.7 ppm) and a minor
unidentified compound at δ= � 15 ppm, were also observed
in the 31P{1H} NMR spectrum.

Intrigued by these results and considering that, possibly,
traces of HCl formed/present in the solvent could be
responsible for the behavior observed in these reactivity
studies, complex 1 was deliberately treated with HCl (4.0 M
1,4-dioxane solution) in dichloromethane or THF solutions.
Although this treatment afforded very unselective reaction

mixtures and the product distribution depended on the
solvent, in general, the reactions furnished similar findings in
31P{1H} NMR: the species at δ=90.8 ppm and the two sets of
doublets of doublets described above. In turn, the 1H NMR
spectrum showed a hydridic species at δ= � 15.8 ppm (ddd,
1JHRh =33.8 Hz, 2JHP =16.7 Hz, 2JHP =16.5 Hz). All attempts to
isolate and characterize this hydridic species were unsuccess-
ful. However, its formation was reproducibly confirmed by
several independent NMR tests. Considering this, the in situ
formed hydride species was individually reacted with further
HCl and H2O and the reactions monitored by NMR spectro-
scopy. By treating the formed rhodium hydride with HCl, the
doublets of doublets signals observed in 31P{1H} NMR at δ=

69.3 and δ=55.5 ppm disappeared, whereas the intensity of
the doublet at δ=90.8 ppm increased. This change in the 31P
{1H} NMR spectrum was accompanied by the disappearance of
the hydridic signal in the 1H NMR spectrum. Moreover,
addition of water to the mixture of complex 1 and HCl also
causes the disappearance of the hydride signal (1H NMR) along
with an increase in the intensity of the signals at δ=48.4 and
δ=23.4 ppm. Despite the lack of selectivity seen in these
reactions, these observations pointed altogether toward the
formation of a Rh(III) hydride complex, 1-HCl (Scheme 2c)
which is further transformed in the presence of additional

Scheme 2. Reactivity of compound 1 towards selected reagents.
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amounts of acid or water to two different Rh(III) species,
assigned as complexes 2 and 3, respectively, on Scheme 2.
Gratifyingly, crystals suitable for X-ray diffraction analysis,
corresponding to what we assigned as compound 3, were
obtained from the CDCl3 solution in the same NMR tube, and
the molecular structure of 3 is shown in Figure 3 (selected
bond lengths and angles in the caption figure). In complex 3 a
[OP(OQuin)2]

� scaffold coordinates the Rh center in a fac-
k3(N,P,N) mode with its phosphorus atom cis to the triphenyl-
phosphine and cis to one chloride. The rhodium atom is in a
slightly distorted octahedral geometry. The Rh� Cl1 bond is
comparatively long (2.489(2) Å) likely due to the strong
bonding between Rh� P1, as expected for an anionic
phosphorus species. Likewise, the bond Rh� P2 (PPh3, 2.333(4)
Å) is elongated with respect to the structure 1, which might
be due to a stronger σ-donation from the quinoline moiety in
trans position (trans influence).

The weakened Rh� P2 bond in complex 3 can be a useful
reactive position for further applications, e. g. ligand substitu-
tion (trans effect) or catalysis. Also, for catalytic applications,
the variable denticity of the ligand [OP(OQuin)2]

� could be
important to stabilize reactive intermediates with lower or
higher electron count and/or coordination number than that
in 3.

Unfortunately, in the case of complex 2 all attempts to
grow crystals of sufficient quality for crystallographic charac-
terization have been unsuccessful so far, and the shown
structure is only proposed based on the collective NMR data
obtained. 2 has been then assigned as a rhodium(III) complex,
resulting from the oxidative addition of HCl to 1, followed by
subsequent protonolysis due to the presence of further
amounts of HCl. Complex 2 can also be more cleanly accessed
by treating a THF solution of 1 with 2.2 equivalents of HCl
(Scheme 2d). In turn, and although clear evidence of the

operating mechanism for the formation of species 3 is not
available, we propose that its occurrence might be related to
an unobserved rhodium-hydroxy-dichloride species, the puta-
tive complex [k3(P,N,N)-{P(OQuin)3}RhCl2(OH)], which might
form by hydrolysis of hydride 1-HCl, accompanied by elimi-
nation of a 8-hydroxyquinoline unit from the P(OQuin)3 ligand
in the presence of PPh3.

A simple ligand substitution reaction was also examined.
Complex 1 reacts with 1.1 equiv. of PCy3 at room temperature
yielding the related species 4 (Scheme 2e). The reaction
mixture was monitored by 31P{1H} NMR and full conversion was
achieved after 3 hours. The 31P{1H} NMR spectrum of the
reaction mixture exhibits two new sets of doublets, free PPh3

(δ= � 4.5 ppm) and OPPh3 (δ=24.2 ppm) as depicted in Fig-
ure S13 in the Supporting Information.

Compound 4 gives rise to two doublets of doublets at δ=

115.7 (1JPRh =334.6 Hz, 2JPP =52.4 Hz,P(OQuin)3) and 54.1
(1JPRh =162.1 Hz, 2JPP =52.4 Hz, PCy3) ppm (see Figure S15,
Supporting Information). Like for 1, the 31P NMR signal for
P(OQuin)3 is upfield shifted, while the resonance for PCy3 is
downfield shifted with respect to the corresponding resonan-
ces of the free ligands. Overall, the chemical shift values and
coupling constants of 4 are analogous to the ones observed
for its precursor 1. Again, the spectroscopic evidence strongly
suggests a cis configuration in solution.

Yellow crystals of complex 4 were isolated from a saturated
acetonitrile/diethyl ether solution at � 30 °C and characterized
by X-ray crystallography as a diethyl ether solvate. The
crystallographically determined molecular structure is shown
in Figure 4, with selected bond lengths and angles in the
caption figure. The X-ray diffraction analysis of complex 4
shows that, as demonstrated for 1, the ligand P(OQuin)3 binds
the metal center as a k2(P,N) chelate, creating a cis spatial
configuration between both phosphorus ligands. The other

Figure 3. Molecular structure of complex [k3(P,N,N){OP(OQuin)2}RhCl2(PPh3)],
3. Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms
have been removed for clarity. Selected bond lengths (Å) and angles (°) for
complex 3: Rh� P1 2.186(2), Rh� P2 2.333(4), Rh� Cl1 2.489(2), Rh� Cl2 2.325(6),
Rh� N1 2.122(5), Rh� N2 2.145(6), P1� O1 1.474(4), P1� O2 1.631(2), P1� O3
1.626(6), P1� Rh� N1 84.25 (5), P1� Rh� N2 86.87 (2), P1� Rh� P2 98.47 (2),
P2� Rh� N1 93.24 (5), P2� Rh� N2 174.49(2), Cl1� Rh� Cl2 88.41(2), N1� Rh� N2
88.60(2).

Figure 4. Molecular structure of the complex [k2(P,N)-{P(OQuin)3}RhCl(PCy3)],
4. Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms
and the diethyl ether solvate molecule have been removed for clarity.
Selected bond lengths (Å) and angles (°) for complex 4: Rh� P1 2.1035(5),
Rh� P2 2.2765(5), Rh� Cl1 2.3849(5), Rh� N1 2.1760(18), P1� O1 1.6190(15),
P1� O2 1.5993(15), P1� O3 1.6358(16), P1� Rh� P2 98.67(2), P1� Rh� N1
85.15(5), P1� Rh� Cl 166.04(2), P2� Rh� Cl 90.134(19), N1� Rh� Cl 86.56(5).

Wiley VCH Montag, 21.08.2023

2399 / 316592 [S. 5/10] 1

Eur. J. Inorg. Chem. 2023, e202300267 (5 of 9) © 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202300267

 10990682c, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202300267 by U
niversitaet R

egensburg, W
iley O

nline L
ibrary on [24/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



two quinoline units are oriented away from the metal center.
The complex exhibits a slightly distorted square planar
geometry, since the chelate (plane P1/Rh/N1) is not co-planar
with the chlorine and phosphorus atoms (plane P2/Rh/Cl1).
The deviation from co-planarity between the planes P1/Rh/N1
and P2/Rh/Cl1 is 11.5(2) degrees.

The Rh-PP(OQuin)3 bond distances in both complex 4 and 1
are identical within experimental error [Rh� P1(4)=2.1035(5) Å
vs. Rh� P1(1)=2.095(2) Å], whereas the Rh-PPR3 (PPR3 =P2) and
Rh� N1 bond distances are slightly longer in 4 [Rh� P2=

2.2765(5) Å; Rh� N1=2.1760(18) Å], in comparison to those in
1 (see Table 1). By contrast, the Rh� Cl1 (2.383(2) Å) bond in 4
is slightly shorter than in 1. The elongation of the Rh-PPR3 bond
length is a consequence of the steric hindrance exerted by the
encumbering PCy3 ligand. Accordingly, the most important
structural differences between 1 and 4 are seen in the bond
angles. Since PCy3 is bulkier than PPh3, the P1-Rh-N1
(85.15(5)°) bite angle is shorter than in 1 and the P1� Rh� P2
(98.67(2)°) angle deviates considerably from 90°.

With the purpose of determining whether the coordination
of an additional quinoline scaffold from P(OQuin)3 was
possible within the coordination sphere of 1, the complex was
reacted with chloride scavengers, such as NaPF6 or NH4PF6.
However, the reactions were unsuccessful, either at room

temperature or at 50 °C, even for prolonged periods of time.
The only reactivity observed in these cases was the formation
of 3 as well as additional phosphorus-containing compounds
generated by decomposition of complex 1.

Regioselective 1,2-Hydroboration of Pyridines and Quinolines
Catalyzed by 1

The regioselective hydroboration of pyridine (5) with pinacol-
borane to yield N-borylated-1,2-dihydropyridine (1,2-BDHP, 6)
was used as a model reaction (Scheme 3) to investigate the
properties of 1 in hydroboration catalysis. The reduction of
pyridine (5) by 1 as (pre)catalyst in C6H6 at 80 °C produces
BDHPs in a selective manner (>99% after 24 h; entry 4,
Table 2). Under the studied conditions other Rh-based cata-
lysts, such as [(cod)RhCl]2, [Cp*RhCl2]2 or [(Ph3P)3RhCl], fur-
nished the desired BDHP products in only minor yields, along
with significant amounts of side products (entries 1–3,
Table 2). Unlike the other Rh complexes, 1 seems to be
regioselective toward the 1,2-hydroboration of Py. In the
absence of catalyst (blank run) no conversion was observed
(entry 11), thus confirming the catalytic nature of the trans-
formation.

As shown in Table 2, the hydroboration proceeds selec-
tively with a catalyst loading of complex 1 lower than
1.0 mol%. The formation of unidentified side-products is
promoted when the amount of catalyst exceeds 1 mol%
(entries 5–6), while catalyst loadings below 0.25 mol% lead to
a significant yield drop, although the selectivity toward the
desired 1,2-product increases (entries 4, 7 and 8 vs. Entries 9–
10).

A systematic screening of solvents, reaction temperature
and relative ratio of the different reaction components
(Table S3–S6, Supporting Information) gave the followingScheme 3. Hydroboration of pyridine (Py) to N-borylated-dihydropyridine

(BDHP) promoted by the Rh(I) complex 1.

Table 2. Screening of catalysts for the HB of Py.[a]

Entry Rh Catalyst Catalyst
loading
[mol%]

Conversion
[%][b,c]

DHP
[%][c]

Ratio
6 :7

Side
Products
[%][c]

1 [(cod)RhCl]2 0.5 60 15 0 :100 45

2 [Cp*RhCl2]2 0.5 42 13 16 :84 29

3 [(Ph3P)3RhCl] 1.0 78 9 0 :100 69

4 1 1.0 55 55 71 :29 –

5 1 3.0 80 62 52 :48 18

6 1 2.0 74 67 62 :38 7

7 1 0.75 47 47 74 :26 –

8 1 0.5 44 44 77 :23 –

9 1 0.25 29 29 87 :13 –

10 1 0.1 17 17 87 :13 –

11 – – 0 0 – –

[a] Conditions: Catalyst (as indicated), Py (11.8 mg, 150 μmol, 0.25 M) and HBpin (28.8 mg, 225 μmol; ratio [Py]:[HBpin]=1 :1.5), stirred in 0.6 mL of C6H6 at
80 °C for 24 h. [b] Conversion determined by 1H NMR as consumption of Py adding 1,3,5-trimethoxybenzene (2.8 mg, 16.67 μmol) as standard after
completion of the reaction. [c] Average of three individual reactions.
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optimized reaction conditions: [5]=0.75 mol/L, 1.5 equiv.
HBpin, 0.75 mol% [Rh], 18 h, 70 °C and toluene as solvent.
Subsequently, a screening of different pyridines 5b–5g and
5 j–5p quinolines was performed (Table 3). The reaction of
HBpin with 4-tertbutylpyridine (5b) the electron deficient 4-
trifluoromethylpyridine (5c) and the electron-rich 4-meth-
oxypyridine (5d) proceeded effectively to give the correspond-

ing 1,2-hydroboration products in moderate to high yields and
excellent selectivity. The electron-rich 3-picoline (5g) gave the
1,2-hydroboration product 6g with quantitative yield and high
regioselectivity (94%). In turn, 4-(dimethylamino)pyridine (5e)
and 3-bromopyridine (5 f) were converted to the correspond-
ing N-boryl-1,2-dihydropyridines 6e and 6f only in 12 to 16%
yield, although with good regioselectivity (> 66%). 2-Substi-
tuted pyridines (5h–5 i), on the contrary, were not reduced
under these conditions. It is noteworthy that the formation of
1,4-DHP compounds was not detected in most of these
examples.

For quinolines, the hydroboration proceeded even better
than with pyridines. The developed system tolerates a variety
of substrates with both electron-donating and electron-with-
drawing substituents and furnished the N-boryl-1,2-dihydro-
quinoline (1,2-BDHQ) products with excellent regioselectivities
(99%) for most of the substrates. Quinolines 5 j–5 l afforded
the corresponding desired products in good-to-excellent
yields (>85 %). Moderate yields of the corresponding 1,2-
BDHQ were obtained with 4-methylquinoline (63%). Likewise,
quinolines possessing electron-withdrawing halogen atoms
(Cl, and Br) at the C3 or C4 position proceeded also well,
affording 1,2-BDHQ with moderate to good yields (5n and 5o,
up to 70%). For the quinoline 5p, substituted at C4 and C7 by
a Cl atom, the formation of the corresponding 1,2-BDHQ
compound proceeds in moderate yields (5p, 60%). The
reduction of 5,6,7,8-tetrahydroquinoline (5q) or 2-
trifluoromethylquinoline (5 r) was not achieved under these
reaction conditions. Similar to the case of the 2-substituted
pyridine substrates (5h–5 i), we attribute the lack of reactivity
of 5r to steric hindrance.

The results presented here enrich the chemistry already
reported by us for the P(OQuin)3 scaffold both in terms of the
coordination chemistry and catalytic applications. With this,
the ability of such phosphite to act as a multidentate (hemi-
labile) ligand for 4d transition metals is underlined and the
potential to extend this chemistry to other metal ions seems
feasible. The demonstrated ability of complex 1 to engage in
ligand dissociation and ligand exchange processes can be
exploited in future studies to access species with tunable
properties for, e. g., catalytic applications.

Indeed, promising preliminary results have already been
obtained with Ru(II), which will be published elsewhere. It is
anticipated that the experience gathered from the coordina-
tion chemistry studies towards Pd, Rh and eventually Ru will
serve as starting point to explore the chelating properties of
P(OQuin)3 toward the more earth abundant 3d analogues, Ni,
Co and Fe. The applicability of the variable denticity of
P(OQuin)3 in transition-metal-catalyzed transformations is
under further investigation in our groups.

Conclusions

The ability of P(OQuin)3 to coordinate a Rh(I) center as a
chelate ligand was demonstrated through the isolation of
compounds [k2(P,N)-{P(OQuin)3}RhCl(PR3)] [R=Ph (1), Cy (4)].

Table 3. Scope of the catalytic hydroboration of N-heteroarenes.[a–c]

Pyridines

5a 84 [70 :30] 5b 51 (40) [99 :1] 5c 93 (86) [99 :1]

5d 95 (88) [99 :1] 5e 12 [99 :1] 5 f 16 [66 :33]

5g >99 (81) [94 :6] 5h 0 5 i 0

Quinolines[d,e]

5 j 85 (80) [99 :1] 5k>95 (87) [99 :1] 5 l >95 (90) [99 :1]

5m 63 (60) [99 :1] 5n 70 [81 :19] 5o 56 (43) [99 :1]

5p 60 (52) [99 :1] 5q<5 5r 0

[a] Conditions: Py or Quin (150 μmol, 0.75 M), HBpin (28.8 mg, 225 μmol,
1.5 equiv.) and [Rh] (1.12 μmol, 0.75 mol%), were stirred in 0.2 mL of
toluene at 70 °C for 18 h. [b] Conversion determined by 1H NMR as
consumption of the corresponding substrate using 1,3,5-trimeth-
oxybenzene (2.8 mg, 16.67 μmol) as standard after reaction. Values in
parentheses (%) correspond to isolated yields. Values between brackets
correspond to 1,2 : 1,4 ratio. [c] Average of three individual reactions. [d]
HBpin (24.0 mg, 187 μmol, 1.25 equiv.). [e] 12 h.
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The crystallographic characterization confirmed that both
complexes have a distorted square planar structure and
exhibit a cis configuration of the phosphorus ligands, which is
also evident from multinuclear solution NMR data. The
reactivity and stability of complex 1 toward selected reagents
confirmed that this complex can be chemically transformed
through ligand dissociation/exchange and oxidation. Complex
1 catalyzed the 1,2-hydroboration of pyridines and quinolines
in high yield and excellent selectivity, under comparatively
mild conditions (70 °C, 18 h, 1.5 equiv. of HBpin, 0.75 mol% of
1, toluene). Turnover numbers of up to 130 were reached and
almost eight molecules of the substrate were converted per
molecule of catalyst in one hour for the model substrate
pyridine. The described protocol tolerates a variety of sub-
strates with both electron-donating and electron-withdrawing
substituents and produces 1,2-hydroborated pyridines and
quinolines (1,2-BDHP and 1,2-BDHQ) with high regioselectiv-
ities (>95%).

We have, therefore, demonstrated that P(OQuin)3 is a
versatile ligand that binds 4d metals in a variety of coordina-
tion modes and can serve as a platform for challenging
catalytic transformations.

Experimental Section
General Information. A full description of the general experimental
methods, characterization data of 1–4,6a–6q, as well as the
preparation and purification of starting materials for the catalytic
studies and the procedure for the optimization of the catalytic
system can be found in the Supporting Information. The synthesis
of P(OQuin)3 was carried out following our reported protocol.[56]

Deposition Numbers 2259166 (for 1), 2259168 (for 3), and 2259167
(for 4) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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A rhodium(I) complex of the tris(8-
quinolinyl)phosphite ligand, P-
(OQuin)3, enables the 1,2-regioselec-
tive hydroboration of pyridines and
quinolines. P(OQuin)3 coordinates to
rhodium as a bidentate P,N chelate
ligand. Reactivity studies of 1 showed
that the PPh3 ligand can be substi-
tuted intermolecularly by PCy3 and in-
tramolecularly by a second unit 8-
quinolyl of P(OQuin)3.
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