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synthesis, palladium complexation, and catalytic
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P(1-Ad)2 (Ad = adamantyl) moiety-substituted quinoline, naphthyl,

and isoquinoline ligands were synthesized to make Pd(II) com-

plexes with κ2-P^N/P^C coordination. Pd-based catalytic activity

towards Mizoroki–Heck coupling of those phosphine ligands was

examined, showing that the ligand iQAdPhos (L3) with an isoqui-

noline core possessing κ2-P^C coordination was superior.

Ligand design and understanding its pivotal role in catalytic
reactions is a fascinating field of organometallic chemistry,
which keeps evolving.1–3 The electronic nature and bulkiness
of the substituent on the ligating site play a key role in tuning
the catalytic activity, particularly for phosphine ligands.4–7

Over time, the P^P ligand core8–11 evolved into P^N or P^C
type coordinating ligands, wherein N or C acts as a σ-
donor.12–29 The DalPhos class of ligands [P(1-Ad)2(Ar); Ar =
o-C6H4-NR2] with phosphorus bearing bulky adamantyl (Ad)
and P^N type coordination is crucial for C–N coupling using
NH3 (Fig. 1A).28,29 Using the Dalphos ligand, catalytic systems
with Pd29 and Ni30 were extensively studied by Stradiotto and
coworkers. At the same time, (Dalphos)-Au complexes are
being explored by Patil and coworkers in various alkene
difunctionalization reactions,31 suggesting the importance of
P^N coordination where the N atom is sp3 in nature.
Interestingly, P^N coordination with an sp2-type nitrogen is
not extensively used for catalysis.26,32,33 The quinoline core
having PPh2 or P(

iPr)2 at the 8th position resulted in κ2-P^N co-
ordinated metal complexes and their properties were studied
(Fig. 1B).12,34–37

Metalation or deprotonation of a C–H bond in proximity to
the phosphorus center led to the formation of P^C-co-
ordinated Pd(II) complexes (Fig. 1C).38–42 The κ2-P^C ligated [P
(Ph2)(1-naphthyl)Pd(OAc)]2 exhibited catalytic activity for the
Mizoroki–Heck reaction,43,44 affording 55% C–C coupled
product (1 mol% catalyst; 130 °C; TOF = 61 h−1).38 For the iso-
quinoline core with PPh2 substitution at the 8th position, the

κ2-P^C ligated Ru complex was synthesized, and its reactivity
was studied (Fig. 1D);45 however, the catalytic activity was not
investigated. We envisage that changing the aromatic ring
attached to the di(1-adamantyl)phosphine {P(1-Ad2)} moiety
might lead to controllable κ2-P∧N/P∧C coordination towards
Pd. Herein, we report P(1-Ad)2 on quinoline, naphthyl, and iso-
quinoline cores as ligands, their coordination chemistry
towards Pd, and their catalytic applications (Fig. 1E).

Following the literature,46,47 di(1-adamantyl)phosphinic
acid chloride was synthesized from adamantane using AlCl3
and PCl3, and it was further reduced using LiAlH4 to obtain
air-sensitive di(1-adamantyl)phosphine {(1-Ad)2PH} (Fig. 2A).47

The synthesized (1-Ad)2PH was immediately used in Pd-cata-
lyzed C–P coupling47 with the corresponding aryl bromide to
give the desired ligands (L1–3). 8-Bromoquinoline was used to
synthesize 8-(di(1-adamantyl)phosphino)quinoline (QAdPhos;
L1). 1-(Di(1-adamantyl)phosphino)naphthalene (NAdPhos; L2)
was derived from 1-bromonaphthalene, and 8-(di(1-adaman-

Fig. 1 (A) (Mor-DalPhos)Pd precatalyst. (B), (C) and (D) Previously
reported PPh2 analogue with an aromatic core showing a P^N/P^C
coordination bound metal centre. (E) This work: P(1-Ad)2 substituted
ligand with an aromatic core and corresponding Pd complexes.
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tyl)phosphino)isoquinoline (iQAdPhos; L3) was derived from
8-bromoisoquinoline (Fig. 2A).

31P{1H} NMR showed a single peak of L1 at 13.0 ppm, that
of L2 at 13.2 ppm, and that of L3 at 10.2 ppm in CDCl3. The P
atom in these ligands was considerably shielded and electron-
rich compared to Mor-Dalphos (31P{1H} δ = 20.4 ppm)28 and
PAd3 (31P{1H} δ = 59.4 ppm).48 The CH2 (Cα from P) group in
the 1-adamantyl moiety also showed a significant difference in
the 1H NMR spectra of all ligands, revealing the influence of
nitrogen in proximity. The structures of L2 and L3 were further
confirmed using single-crystal X-ray diffraction (scXRD),49–51

which showed a distorted pyramidal geometry on the P atom
(Fig. 2B). All three ligands were stable in the solid state and

can be used on the benchtop. However, L1 was sensitive to oxi-
dation by air in the solution under ambient conditions (∼9%
oxidation after 48 h), whereas L2 and L3 were stable under the
same conditions.

With the pure ligands, L1–3, in hand, we examined the
complexation behavior with Pd(II). QAdPhos (L1) with PdCl2
resulted in the expected κ2-P^N coordinated (L1)PdCl2
(Fig. 2C). The observed downfield shift in 31P{1H} NMR at δ

82.6 ppm confirmed the P^N coordination. The Pd complex
was structurally characterized using scXRD (Fig. 2E). The bite
angle of ∠PPdN was observed as 84.96° for (L1)PdCl2, which
was close to that reported for the (4-(2-(di(1-adamantyl)phos-
phino)phenyl)morpholine)Pd(η1-1-phenylallyl) chloride
complex (∠PPdN = 85.27°).29 The reaction of PdCl2 with L2
and L3 resulted in an uncharacterizable insoluble white solid,
possibly a polymeric mixture.

The reaction of Pd(OAc)2 with L1 resulted in a P^N co-
ordinated, µ-OAc bridged dimer with two OAc− groups as
counteranions {[(L1)Pd(OAc)]2 2[OAc]−} (Fig. 2D). ATR-IR
showed a broad band centered at 1603 cm−1 (νCvO), and a
sharp band at 1450 cm−1 (νC–O), which were consistent with
the reported values for acetate.52,53 The 31P{1H} NMR spectrum
showed two peaks at 75.0 ppm (67%; trans isomer) and
74.4 ppm (33%; cis isomer). We speculate that the bulky Ad
groups favor the trans isomer as the major isomer, as reported
for the tBu analog.19,34 The cis : trans isomer ratio was also
observed in 1H and 13C{1H} NMR spectra. The ESI-MS analysis
showed the [C31H39PNO2Pd]

+ fragment m/z value of 594
(100%), corresponding to a partial dimer fragment. The reac-
tion of Pd(OAc)2 with L2 resulted in a κ2-P^C-coordinated
dimer, [(L2)Pd(OAc)]2 (55%), via acetate bridging without an
additional base, which suggested that the OAc− group acted as
a base and facilitated P^C coordination (Fig. 2D). For [(L2)Pd
(OAc)]2,

31P{1H} NMR showed a peak at 111.3 ppm, and the H8
proton peak (δ = 9.16 ppm) of the ligand L2 completely dis-
appeared after Pd complexation, which confirmed the κ2-P∧C
coordination (Fig. S3 & S4; SI). ESI-MS analysis showed a
[C30H36PPd]

+ fragment m/z value of 533 (100%), which
matched the P^C–Pd coordinated fragment. Under similar
reaction conditions, L3 did not proceed towards κ2-P^C coordi-
nation as confirmed by 31P{1H} NMR. At higher temperature
(130 °C) reaction of Pd(OAC)2 with L3 resulted in the κ2-P^C co-
ordinated complex [(L3)Pd(OAc)]2. The dimer complex showed
a peak at 105.7 ppm in 31P{1H} NMR, and the H1 proton peak
(δ = 10.52 ppm) of the ligand L3 completely disappeared after
Pd complexation (Fig. S5 & S6; SI). ESI-MS showed a
[C62H76P2N2O4Pd2]

+ corresponding peak at an m/z value of
1188 (100%) for the dimer [(L3)Pd(OAc)]2. The ATR-IR spectra
showed that peaks corresponding to acetates were consistent
with the reported values.52,53 All these characterization studies
indicated the κ2-P^N/P^C coordinated Pd dimer complex for
all ligands.

Understanding Pd complex formation further motivated us
to investigate the catalytic performance of these ligands. To
explore the catalytic performance of L1–3, we began our study
by focusing on the Mizoroki–Heck reaction (Table 1; Tables

Fig. 2 (A) Synthesis of ligands (L1–3); 31P{1H} NMR spectra recorded in
CDCl3; δ in ppm. (B) Crystal structures of L2 and L3 (shown at a 50%
probability of thermal ellipsoids; most of the H atoms are omitted for
clarity). (C) and (D) Synthesis of Pd(II) complexes with L1, L2, and L3. (E)
Crystal structure of the (L1)PdCl2·3CH2Cl2 complex (shown at a 50%
probability of thermal ellipsoids; DCM solvents and H atoms are omitted
for clarity). See the SI for details.
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S1–S11 in SI). 0.5 mol% of Pd(OAc)2/L3, in the presence of
KOAc in 0.25 M DMA, showed 83% 3a and 7% 4a after 24 h at
130 °C. Temperatures lower than 130 °C resulted in traces of
3a (Table S4; SI). Among the Pd sources screened, Pd(OAc)2
was found to be the most efficient (Table S5; SI). KOAc resulted
in 83% 3a; however, the milder base KHCO3, a better alterna-
tive for hygroscopic KOAc, showed 93% 3a. Other bases

resulted in 2–80% conversion (Table S6, SI). Commercially
available phosphine ligands like PPh3 and 1,3-bis(diphenyl-
phosphino) propane (dppp) showed 19–26% of 3a under these
conditions (Table S7, SI). Further decreasing the reaction time
to 6 h gave 95% 3a (TOF = 31.6 h−1) and 5% 4a (Table 1), as
supported by the reaction profile obtained from gas chromato-
graphy (Fig. S7 and S8, SI). When the synthesized [(L1)Pd
(OAc)]2 2[OAc]−, [(L2)Pd(OAc)]2, and [(L3)Pd(OAc)]2 complexes
were used as catalysts, they yielded 47%, 23% and 93% of 3a,
respectively, indicating that the ligand-coordinated Pd
complex might be an active catalyst or pre-catalyst (Table 1).
Reaction using 0.5 mol% Pd(OAc)2 with 2, 3, and 5 equivalents
of L3 resulted in 21%, 8%, and <1% of 3a, respectively,
suggesting that bis-coordination deactivates the catalyst.
Furthermore, it indicated that the Pd(II) to Pd(0) reduction
might have occurred due to high temperature and the presence
of KHCO3 (Table S11, SI), not by phosphine ligand
oxidation.54,55 The reaction conditions were also compatible
with aryl iodides, yielding conversions comparable to those of
aryl bromides (Table 1). Aryl chloride and aryl pseudohalides
failed to react under the optimized conditions (Table 1). The
control reactions revealed that all reactants and catalysts were
necessary to obtain product 3a. Without L3, only 12% 3a was
observed, supporting the ligand-controlled catalytic cycle (SI).

The optimized conditions were further explored for various
substrates bearing electronic and steric factors (Fig. 3).
Bromobenzene resulted in 89% (TOF = 29.6 h−1; 6 h) isolated
yield of E-stilbene (3a) and 85% isolated yield for a large-scale
reaction (5 mmol, 0.785 g) using 0.1 mol% catalyst loading
(TOF = 141.9 h−1; 30 h). Electron-donating substituents, such

Table 1 Reaction method developmenta

Entry Conditions screened 3a (4a)b

1 L1; KOAc; 24 h 37 (5)
2 L2; KOAc; 24 h 19 (4)
3 L3; KOAc; 24 h 83 (7)
4 L3; KHCO3; 24 h 93 (7)
5 L3; KHCO3; 6 h 95 (5)
6c 0.25 mol% [(L1)Pd(OAc)]2 2[OAc]

− 47 (6)
7c 0.25 mol% [(L2)Pd(OAc)]2 23 (2)
8c 0.25 mol% [(L3)Pd(OAc)]2 93 (7)
9 PhI instead of PhBr 93 (7)
10 PhX (X = Cl, OTf, OTs) instead of PhBr Not observed

aOptimized reaction conditions: bromobenzene (1 mmol), styrene
(1.5 mmol), Pd(OAc)2 (0.005 mmol), iQAdPhos/L3 (0.005 mmol), and
KHCO3 (1.5 mmol) in degassed DMA (0.25 M) under argon. bGC con-
versions. cOnly a Pd complex was used as a catalyst. See Tables S1–S11
in the SI.

Fig. 3 Substrate scope. a Reaction conditions: aryl bromide (1 mmol), alkene (1.5 mmol), Pd(OAc)2 (0.005 mmol), iQAdPhos (0.005 mmol), and
KHCO3 (1.5 mmol) in degassed DMA (0.25 M) for 6–12 h at 130 °C under argon. The reported isolated yields are the average of at least two reactions.
b 5 mmol PhBr reaction scale using a 0.1 mol% catalyst loading for 30 h and c 5 equivalents of styrene and KHCO3 were used.
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as p-Me (3b), p-OMe (3c), p-NMe2(3d), and p-1-naphthyl (3e),
resulted in 65–92% yields. They were also suitable for various
reactive functional groups, such as p-CHO (3f; 70%), p-COPh
(3g; 84%), and p-COOtBu (3h; 81%). The halogen substituents,
p-Cl and p-Br, resulted in 58% (3i) and 44% (3j) yields, respect-
ively, with the retention of one Cl and Br. EWGs, such as
p-NO2 (3k), p-CF3 (3l), and p-CN (3m), yielded the desired pro-
ducts (45–82%). m and m,m′ substituted derivatives such as 3n
(66%), 3o (73%), 3p (87%), and 3q (67%) were obtained in
good yields. o-Me (3r; 56%) and o,o′-Me (3s; 22%) furnished
moderate yields, probably due to steric reasons. The pyridine
heterocycles also worked well under these conditions, resulting
in 3t (63%), 3u (58%), and 3v (59%). 1-Bromo-9-methyl-9H-car-
bazole and 5-bromo-1-methyl-1H-indole yielded 56% (3w;
structurally characterized) and 45% (3x) of the desired
product, respectively. 1-Bromonaphthalene, 2-bromonaphtha-
lene, and 1-bromopyrene substrates gave good yields of 3ya
(83%), 3yb (85%), and 3z (72%), respectively. The
α,β-unsaturated carbonyl derivatives were tolerated under the
optimized reaction conditions and yielded the desired E
product in 53% (5a) and 75% (5b) yields. Allylbenzene and
4-phenyl-1-butene also gave 71% (5c) and 81% (5d) yields of
the major products with a minor geminal isomer as observed
in 1H NMR spectra (<10%; SI). We found that a few substrates
(unactivated olefins, reactive heterocycles, etc.) showed either
complex or no reactivity (SI).

In conclusion, we synthesized a series of bulky di(1-ada-
mantyl)(aryl)phosphine {P(1-Ad)2(Ar)} ligands, L1–3, featuring
quinoline, naphthyl, and isoquinoline substituents, enabling
the formation of Pd(II) complexes that coordinate through κ2-
P∧N and P∧C modes. Among these, the ligand iQAdPhos (L3)
showed excellent catalytic activity with 0.5 mol% Pd(OAc)2
(TOF = 29.6 h−1). The catalyst loading could be further reduced
to 0.1 mol% by extending the time (TOF = 141.9 h−1). We
tested a variety of (hetero)aryl bromides and alkenes, achieving
moderate to excellent yields of the Mizoroki–Heck coupling
products (22–92% isolated yields). This study demonstrates
the potential of bulky P(1-Ad)2(Ar) ligands in Pd-catalyzed C–C
bond formation and offers valuable insights into ligand
design and Pd coordination.
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