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ABSTRACT: Synthetic access to the zerovalent palladium
complexes {[(o-Ph2PC6H4)2BPh]Pd(L)} (L = pyridine (8a),
2,6-lutidine (8b)) is reported. Structural characterization and
DFT analysis of 8a revealed a strong Pd→B interaction, which
appears to inhibit oxidative addition reactions. Activation of
allyl acetate is possible by reversible transfer of the acetate
leaving group to the ligand’s borane functionality. Catalytic
activity in the allylic substitution of allyl acetate with HNEt2 is
sensitive to the presence of free acetate, which reduces borane
inhibition by reversible borate formation.

■ INTRODUCTION

Ambiphilic ligands, featuring L-type phosphorus or sulfur σ-
donors as well as a Z-type σ-acceptor borane functionalities,
possess unique coordination properties relevant to homoge-
neous catalysis.1 Of particular note is their aptitude to form
complexes with unusual high coordination numbers for a given
oxidation state and their ability to withdraw electron density
from the coordinated metal center by formation of a dative
M→B bond.1,2 These characteristics offer potential access to
transition-metal catalysts with novel electronic and steric
properties, unavailable with commonly employed L and X
ligands. A Lewis acidic functionality of ambiphilic ligands can
also interact directly with substrates.3 Diphosphinoborane
(DPB) ligands (o-R1

2PC6H4)2BR
2 (1a−c; Figure 1) are

promising candidates to explore the potential of ambiphilic
ligands for catalysis. Their structure and relatively large bite
angle is similar to those of well-established chelating
d iphosph ine l igands , such as DPEphos (b i s[2 -
(diphenylphosphino)phenyl] ether). Recently, DPB ligands
1a−c have been successfully applied in homogeneous catalysis
such as transfer hydrogenation (Rh and Ir),4a hydrogenation
(Ni4b,c), hydrosilylation (Ni),4e and enyne cyclization (Au).4e

The Ru complex [((o-Ph2PC6H4)2B(η
6-Ph))RuCl][B(C6F5)4]

features an η6-coordinated phenyl group, which is highly Lewis
acidic and has been exploited in FLP-catalyzed aldimine
hydrogenation.4f,g In addition to straightforward η1-B coordi-
nation (3), ambiphilic ligands can adopt an η2-B,C (4), or η3-
B,C,C (5) coordination mode.4c,6,7 A “positive boryl effect” has
also been reported for o-dimesitylphenylphosphine ligands
Mes2B(o-R2PC6H5). Pd-catalyzed Suzuki−Miyaura coupling
reactions seem to profit from weak π-arene coordination of
one mesitylborane group to the Pd center (2).5 It has been
suggested that strong M→B interactions might inhibit the
coordinated metal’s ability to perform oxidative addition
reactions.8 The coordination mode of the borane functionality
appears to have a significant effect on the coordinated metal’s
reactivity toward substrates. While the Ni−(η2-B,C) bond in
complex 4 failed to react with H2 at 60 °C, reversible activation
of H2 is readily observed at room temperature when employing
complex 6, in which ligand 1c coordinates in an η3-B,C,C
coordination mode (Scheme 1).4c The example further
demonstrates the ability of DPB ligands to interact with
potential substrates. Despite its prevalence in numerous
catalytic reactions, only two zerovalent Pd complexes
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Figure 1. DPB ligands 1a−c and selected complexes featuring different
M→B coordination modes.2a,b,4c,5a,6
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coordinated by chelating L2Z ligands are known (3 and 5;
Figure 1).6 However, no catalytic applications have yet been
reported for these complexes. In this paper we report the
synthesis of Pd complexes featuring ambiphilic DPB ligands
and explore their reactivity with regard to catalytic applications.

■ RESULTS AND DISCUSSION
Synthesis and Electronic Structure of Zerovalent Pd

Complexes Featuring DPB Ligands. Synthesis of a
zerovalent palladium complex was attempted by reaction of
(o-Ph2PC6H4)2BPh (1a) with 1 equiv of CpPd(η3-C3H5).
Monitoring of the reaction by 31P NMR spectroscopy indicated
quantitative consumption of free ligand 1a (δ −6.6) and
formation of a new complex (δ 31.0). Meanwhile, 1H NMR
analysis revealed only 50% conversion of CpPd(η3-C3H5)
toward its reductive elimination product 5-allylcyclopenta-1,3-
diene (Scheme 2), indicating formation of the bisligand
complex {[(o-Ph2PC6H4)2BPh]2Pd}.

Reaction of CpPd(η3-C3H5) with the DPB ligand 1c also
produced a bisligand complex. In contrast, reaction of
(py)2PdMe2 with ligand 1a in THF-d8 produced the complex
{[(o-Ph2PC6H4)2BPh]Pd(py)} (8a), featuring a single DPB
ligand 1a and one pyridine as a stabilizing coligand (Scheme 3)

with 89% selectivity and 26% isolated yield. This complex 8a is
the first representative of the DPB ligand family coordinating to
a zerovalent palladium fragment and, notably, also one of very
few known examples of a zerovalent palladium complex
featuring a monodentate nitrogen ligand.9

Pyridine complex 8a showed a single resonance in the 31P
NMR spectrum at δ 31.0. The broad resonance observed in the

11B NMR spectrum at δ 20 (w1/2 = 400 ± 100 Hz) suggested a
strong Pd→B interaction, on the basis of the proximity of the
chemical shift to a tetravalent borate complex such as NaBEt4
(δ −6) or Et3B·NHMe2 (δ 4), rather than to the trigonal-planar
free borane 1b (δ 71 for 1b in the 11B solid-state NMR).10

Crystals of 8a suitable for X-ray diffraction analysis were
obtained by crystallization from benzene/hexane at room
temperature (Figure 2). The coordination geometry around the

palladium center is strongly distorted square planar, with the
boron center located transoid to the pyridine ligand (N1−
Pd1−B = 155.6(1)°). Significant pyramidalization is observed
at the coordinating boron atom (∑Bα = 346°). The complex
features a short Pd−B distance (2.194(3) Å) and a short Pd−
C51 distance (2.463(3) Å).6 For all C−B bonds the same
length of 1.61 Å is observed, suggesting a η1-borane
coordination mode, possibly augmented by an η2-C,B
interaction.7 The Pd−N bond length of 2.249(2) Å is slightly
elongated in comparison to the Pd−N bond in [(py)2Pd(ma)]
(2.1472(19) Å; ma = maleic anhydride).9a

In order to gain additional insight into the bonding of the
borane and pyridine ligands to the zerovalent palladium in 8a,
DFT calculations (B3PW91/Pd,P(SDD)/6-31G** (other
atoms)) were carried out.12 The optimized geometry of 8a
was found to be in excellent agreement with its solid-state
structure. Bonds around the palladium center were especially
well reproduced. The molecular orbitals were first analyzed.
The HOMO-2 is a B−C to Pd interaction (Figure 3), whereas
the HOMO-22 is a Pd−B bond. The bonding situation was
investigated by NBO analysis. Similar Wiberg bond indexes
were found for the Pd−B (0.478) and the Pd−P (0.549)
interactions. In contrast, the Wiberg bond index for the C51−
Pd interaction was found to be only 0.03, suggesting a donation
from the B1−C51 bond rather than from the π density of the
C51 atom only. At the second-order NBO level, a donation
from an occupied d orbital of the palladium center to the empty
p orbital of the boron ligand was found (113.0 kcal/mol) in line

Scheme 1. Reversible Activation of H2
4c

Scheme 2. Formation of Bisligand Complex

Scheme 3. Synthesis of Zerovalent Pd Complexes 8a−c

Figure 2. Thermal ellipsoid plots of 8a depicted at the 50% probability
level. Solvent and H atoms have been omitted for clarity.11 Selected
bond lengths (Å) and angles (deg): B1−C36 = 1.620(4), B1−C76 =
1.613(4), Pd1−N1 = 2.249(2), Pd−B1 = 2.194(3), Pd−C51 =
2.463(3), Pd−P1 = 2.2830(8), Pd−P2 = 2.2680(8), Pd−N1 =
2.249(2), B1−C51 = 1.610(4), N1−Pd1−P1 = 111.91(6), N1−Pd1−
P2 = 100.33(6), N1−Pd1−B1 = 155.6(1), N1−Pd1−C51 =
117.02(9), B1−Pd1−P1 = 84.39(8), B1−Pd1−P2 = 82.99(8), P1−
Pd1−P2 = 125.34(3).
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with a bonding interaction observed in the MOs. Additionally, a
weaker donation from the C51−B1 bond to the metal center
was observed (20 kcal/mol). Finally, the strength of the Pd−
N(py) bond was analyzed. A dissociation enthalpy of 7.6 kcal/
mol was observed for the Pd−pyridine interaction, with a
Wiberg bond index of 0.256.
Next, we looked for a more convenient synthesis of 8a, which

would allow facile access to a broad range of coligands, avoiding
the palladium precursor (L)2PdMe2. Reaction of DPB ligand 1a
with Pd2(dba)3 in the presence of 4 equiv of pyridine featured
the desired Pd(0) complex 8a in 60% isolated yield (Scheme
3). The same methodology was used to synthesize the 2,6-
lutidine derivative 8b as an analytically pure substance (54%).
NMR analysis of 8b revealed formation of a symmetric complex
in the 31P NMR spectrum (δ 30.4) as well as a strong Pd→B
interaction comparable to that in 8a (11B NMR: δ 23, w1/2 =
400 ± 100 Hz). Similarly, formation of the 2-picoline derivative
8c was observed in an NMR experiment (31P NMR: δ 33.7).
The methodology could not be used to produce monoligated
Pd complexes from DPB ligand 1c.
Stoichiometric Reactivity. No reaction was observed at

room temperature or 60 °C when an excess of phenyl bromide
was added to complex 8a or 8b. The lack of reactivity could be
caused by inhibition of the pyridine and/or the borane ligand.
NMR experiments demonstrated that the pyridine ligand could
be replaced by ligand metathesis. When 5 equiv of PPh3 was
added to a solution of 8b in benzene-d6, no exchange of the
lutidine ligand was observed at room temperature or 50 °C.
However, equimolar addition of PCy3 resulted in fast and
quantitative formation of the new complex {[(o-
Ph2PC6H4)2BPh]Pd(PCy3)}, featuring resonances at δ 22.8
and 32.5 in a 2:1 ratio in the 31P NMR spectrum. A 3 equiv
portion of PCy3 led to the same result with significant

broadening of the coordinated and free PCy3 resonances,
indicating a dynamic process between both species.
We therefore switched to an alkene substrate, which we

expected to effectively be able to compete with pyridine/
lutidine as a ligand. The reaction of complexes 8a,b with 9
equiv of allyl acetate was monitored by 31P NMR spectroscopy
in benzene-d6 (Scheme 4).

Reversible transformation into allyl complex 9a was observed
for both substrate complexes (31P NMR δ 20.2). A slightly
lower conversion of pyridine complex 8a into allyl complex 9a
was seen after 48 h (68%), in comparison to that for lutidine
complex 8b (77%). This is in line with an expected lower
binding constant of the lutidine ligand to the zerovalent
palladium complex. Reaction of precursor 8b with 27 equiv of
allyl acetate allowed the isolation of allyl complex 9a in 78%
isolated yield by crystallization from benzene/hexane. Typical
resonances for the allyl ligand were observed in the 13C NMR
spectrum (δ 73.1 and 116.4). 11B NMR spectroscopy showed
an upfield shift toward δ 3.3 (w1/2 = 67 Hz), indicating the
presence of a tetravalent borate. A similar oxidative addition
process involving M→B bond cleavage and transfer of a leaving
group has been observed: e.g., for the reaction of ferraboratrane
[(mimtBu)3]Fe(CO)2 (mimtBu = 2-mercapto-1-tert-butylimida-
zolyl) with (PhC(O)O)2.

3c

The solid-state structure of 9a further confirmed coordina-
tion of the acetate to the boron center (Figure 4).

Figure 3. Molecular orbitals of complex 8a (top) HOMO-2; (bottom)
HOMO-22.

Scheme 4. Reversible Activation of Allyl Acetate

Figure 4. Thermal ellipsoid plots of 9a depicted at the 50% probability
level. Solvent and H atoms have been omitted for clarity.13 Selected
bond lengths (Å) and angles (deg) for 9a: Pd1−P1 = 2.037(11), Pd1−
P2 = 2.3922(7), Pd1−C83 = 2.148(2), Pd1−C82 = 2.162(2), Pd1−
C81 = 2.197(3), O1−B1 = 1.527(3), B1−C51 = 1.651(3), P1−Pd1−
Pd2 = 102.40(4), C82−Pd1−P1 = 123.69(7), C82−Pd1−P2 =
126.18(7).14
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The palladium center displayed a slightly distorted trigonal
planar geometry with the two phosphine donors and the allyl
ligand. Oxidative addition of allyl acetate to zerovalent
palladium diphosphine complexes [(L-κ2P)Pd0] commonly
results in the formation of cationic allyl complexes [(L-
κ2P)PdII(η3-allyl)][OAc] with acetate as the counteranion
(ligand = (PPh3)2, dppf, dppb).

14 In the DPB system the
anticipated inhibiting effect of the strong Pd→B bond seems to
be counteracted by simultaneous formation of the B−O bond
in complex 9a. Cleavage of the C−O bond of allyl acetate
might be facilitated by intramolecular competition of the
leaving group’s lone pair with palladium for the ligand’s Lewis
acidic borane group, thus weakening the C−OAc bond as well
as the inhibiting Pd→B interaction. Treatment of isolated allyl
complex 9a with pyridine or 2,6-lutidine in benzene-d6 at room
temperature resulted in the slow formation of zerovalent Pd
complexes 8a,b, respectively. The reaction progress was
monitored by 1H NMR and 31P NMR spectroscopy at 50 °C
for both pyridine (1 equiv) and 2,6-lutidine (2 equiv). The
reaction reached >95% conversion within 35 h (see the
Supporting Information, Figure S1). Within the margin of error
identical reaction velocities were observed for formation of
8a,b. Initial rate kinetics for the transformation of 9a to 8b were
performed at 50 °C employing 2, 4, 8, and 16 equiv of 2,6-
lutidine (see the Supporting Information, Figure S2). The
reaction was found to be zero order in 2,6-lutidine. From these
findings we conclude that reductive elimination is the rate-
determining step of allyl acetate formation.
Using lutidine complex 8b, we could observe C−O bond

cleavage with allyl benzoate, producing complex 9b (Table 1,
entry 2). The conversion was considerably faster than that in
the case of allyl acetate (Table 1, entry 1). Transfer of the
leaving group to the ligand’s Lewis acidic borane functionality

was suggested by 11B NMR spectroscopy. Formation of allyl
borate complex 9c was observed in the case of allyl
trifluoroacetate, despite the low Lewis basicity of the
trifluoroacetate leaving group and utilization of the coordinat-
ing solvent THF-d8 (Table 1, entry 3). Allyl benzyl ether and
allyl phenyl ether did not react at room temperature and were
both heated for 17 h at 60 °C. Only allyl phenyl ether showed
minor conversion (7%), but we were unable to verify whether
an allyl complex had been formed.
Single crystals suitable for X-ray diffraction analysis could be

grown from an NMR sample (benzene-d6/hexane) of the allyl
complex {[(o-Ph2PC6H4)2B(OBz)Ph]Pd(η

3-C3H5)} (9b; Fig-
ure 5), confirming transfer of the benzoate leaving group to the

ligand’s borane group. Reductive elimination of allyl benzoate
from complex 9b proceeded quickly, even in the absence of an
N-heterocyclic coligand. When isolated crystals of 9b were
dissolved in THF-d8 at room temperature a 1:1:1 mixture of 9b,
free allyl benzoate, and an unidentified Pd complex was
observed within minutes.

Catalysis. Complexes 8a,b and 9a were catalytically active in
the allylic substitution reaction of allyl acetate with diethyl-
amine featuring allyl amine 10 (Figure 6).16

The reactions were run as NMR experiments in benzene-d6
at 60 °C, using 5 mol % of the respective catalyst and
1,2,3,4,5,6-hexamethylbenzene as internal standard. Due to the
release of acetic acid during the reaction, 2 equiv of HNEt2 was
employed. Allyl complex 9a displayed the highest activity in the
reaction, followed by lutidine complex 8b and pyridine complex
8a. A plot of the concentration of the reaction product 10
versus time showed a concave curve when employing allyl
complex 9a as a catalyst. In contrast, sigmoid curves were
observed for complexes 8a,b. While acceleration of the reaction
appeared not to be caused by removal of the potential inhibitor
ligands pyridine and 2,6-lutidine by alkylation (monitoring by
1H NMR spectroscopy) or protonation (excess of the more
basic HNEt2), the rates seemed to be affected by the
accumulation of the acetate leaving group. Addition of 20
mol% of tetrabutylammonium acetate to a catalytic run
employing 8a as catalyst accelerated the reaction rate to a
level similar to that monitored for allyl complex 9a. Possibly,

Table 1. Reaction of Complex 8b with Allyl Substratesa

aConditions unless noted otherwise: substrate:8b = 20:1, T = 23 °C,
C6D6.

bMonitored by 31P NMR: [integral (product)]/[integral (all
resonances)] × 100. cAllyl acetate:8b = 25:1. dComplex 8a, allyl
trifluoroacetate:8a = 4:1, THF-d8.

eT = 60 °C.

Figure 5. Thermal ellipsoid plots of 9b depicted at the 50% probability
level. Solvent and H atoms have been omitted for clarity. Selected
bond lengths (Å) and angles (deg) for 9b: Pd1−C80 = 2.163(5),
Pd1−C81 = 2.168(5), Pd1−C82 = 2.207(5), Pd1−P1 = 2.3200(15),
Pd1−P2 = 2.3965(14), O1−B1 = 1.552(7), P1−Pd1−P2 =
103.43(5).15
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acetate competes with palladium for coordination to the Lewis
acidic boron center, thus reducingor eliminatingits
aptitude to act as an inhibitor for the palladium catalyst. In
this scenario the dominant catalytic species would be the
acetate adduct complex {[(o-Ph2PC6H4)2B(OAc)Ph]Pd(L)}

−

formed in equilibration with {[(o-Ph2PC6H4)2BPh]Pd(L)}.

■ CONCLUSION
In conclusion, we prepared and characterized the first examples
of zerovalent palladium complexes featuring a diphosphinobor-
ane ligand {[(o-Ph2PC6H4)2BPh]Pd(L)} (L = pyridine (8a),
2,6-lutidine (8b)). Complex 8a displayed a strong η1-B,Pd
interaction in its solid-state structure, which was further
examined by DFT methods. The ability of diphosphinoborane
ligand 1a to stabilize a zerovalent palladium fragment has
important implications for future applications: (1) trans-
formations involving a change of the oxidation state from
Pd(II) to Pd(0) are likely to profit from such a stabilization,
and (2) deposition of solid palladium particles during catalysis
reducing catalyst longevity and/or leading to undesired side
reactions should be reduced. The Pd→B interaction seemed to
inhibit oxidative addition reactions toward the palladium center.
Reversible C−O bond cleavage of allyl acetate and allyl
benzoate, with transfer of the carboxylic leaving group to the
ligand’s borane function (allyl complexes 9a,b), however, was
feasible. A kinetic analysis of the allylic substitution reaction of
allyl acetate with HNEt2 was performed. Inhibition of the allylic
substitution reaction by the Pd→B interaction was reduced in
the presence of free acetate. We propose that inhibition by the
borane functionality was reduced by partial reversible borate
formation with acetate. Thus, interaction of the Lewis acidic
site of ambiphilic ligands with Lewis bases plays an important
role in catalysis, which will be the subject of further studies.

■ EXPERIMENTAL SECTION
All manipulations were carried out in an MBraun glovebox under an
inert argon atmosphere. All glassware was dried in an oven at 120 °C
overnight prior to use. NMR experiments were performed in Wilmad
quick pressure valve NMR tubes. 11B{1H} NMR spectra were recorded
in Norell natural quartz NMR tubes. 1H, 11B, 13C, and 31P NMR

spectra were recorded on a Bruker Avance II (400.1 MHz, probe
BBO) or a Bruker Avance (400.3 MHz, probe ATM BBFO)
spectrometer. 1H NMR spectra were referenced to residual solvent
resonances (benzene-d6, δ 7.16; THF-d8, δ 1.72). [(o-
PPh2C6H4)2BPh] (1a)8 and [CpPd(η3-C3H5)]

17 were prepared
according to the literature. Pyridine, 2,6-lutidine, and allyl acetate
(all Alfa Aesar), benzene-d6 and THF-d8 (both Eurisotop), and
diethylamine (Merck, 99%) were degassed employing the freeze−
pump−thaw technique and dried over activated molecular sieves (4
Å). Tetrahydrofuran and pentane were dried by an MBraun solvent
purification system. Benzene and n-hexane were dried over sodium
and distilled under argon prior to use. Pd2(dba)3 was purchased from
Sigma-Aldrich (97%) and used as received.

Synthesis of {[(o-PPh2C6H4)2BPh]Pd(pyridine)} (8a). A 5 mL
glass vial was charged with DPB ligand 1a (0.100 g, 0.164 mmol, 1
equiv), pyridine (56.6 mg, 0.655 mmol, 4 equiv), and Pd2(dba)3 (75.0
mg, 0.082 mmol, 0.5 equiv). Benzene (3 mL) was added, and the
suspension was stirred for 10 min at ambient temperature. The
mixture was then filtered through glass wool and collected in a glass
vial (5 mL) which was placed into a 20 mL glass vial containing n-
hexane (ca. 5 mL). Within 3 days orange crystals precipitated from the
benzene solution. The mother liquor was decanted, and the solid was
washed with n-pentane and dried in vacuo (79 mg, 0.099 mmol, 60%).
Crystals suitable for X-ray diffraction were taken from the crystal crop
prior to drying in vacuo. Mp: 152 °C dec. 1H NMR (400.1 MHz,
benzene-d6): δ 6.44 (ddd, J = 7.5, 4.3, 1.5 Hz, 2H), 6.80 (tt, J = 7.2, 2.1
Hz, 1H), 6.85 (m, 4H), 6.95 (m, 3H), 6.99 (m, 1H), 7.02 (m, 6H),
7.11 (m, 3H), 7.26−7.32 (m, 6H), 7.42−7.54 (m, 8H), 8.12 (dt, J =
4.1, 1.8 Hz, 2H), 8.26 (d, J = 7.8 Hz, 2H). 11B{1H} NMR (128.4 MHz,
benzene-d6): δ 20 (w1/2 = 400 ± 100 Hz). 13C{1H} NMR (100.6
MHz, benzene-d6): δ 123.7 (s), 126.0 (s), 125.7 (t, J = 2.9 Hz), 126.9
(s), 129.0 (s), 129.5 (s), 132.4 (s), 132.7 (s), 132.8 (s), 133.0 (t, J =
7.9 Hz), 133.8 (t, J = 7.8 Hz), 135.2 (s), 135.9 (t, J = 2.2 Hz), 137.9 (t,
J = 14.7 Hz), 139.1 (s), 139.3 (s), 139.5 (t, J = 14.7 Hz), 151.1 (s).
31P{1H} NMR (161.9 MHz, benzene-d6): δ 31.0. IR (KBr): ν̃/cm−1

3045, (w), 2997 (w), 2964 (w), 2926 (vw), 2853 (vw), 2262−2166
(w), 2080 (w), 1955 (vw), 1880 (vw), 1813 (vw), 1586 (w), 1478
(w), 1433 (m, sh), 1261 (w), 1155 (w, sh), 1092 (m, sh), 1066 (w),
1026 (m, sh), 860 (w), 802 (w, sh), 741 (s, sh), 721 (w), 694 (vs, sh),
627 (w), 600 (w), 509 (s, sh). Anal. Calcd for C47H38BNP2Pd: C,
70.92; H, 4.81; N, 1.76. Found: C, 70.93; H, 4.94; N, 1.63.

Synthesis of {[(o-PPh2C6H4)2BPh]Pd(2,6-lutidine)} (8b). A 5
mL glass vial was charged with DPB ligand 1a (0.200 g, 0.328 mmol, 1
equiv), 2,6-lutidine (144.5 mg, 1.310 mmol, 4 equiv), and Pd2(dba)3
(150.0 mg, 0.1640 mmol, 0.5 equiv). Benzene (3 mL) was added, and
the suspension was stirred for 10 min at ambient temperature. The
mixture was then filtered through glass wool and collected in a glass
vial (5 mL) which was placed into a 20 mL glass vial containing n-
hexane (ca. 5 mL). Within 3 days orange crystals precipitated from the
benzene solution. The mother liquor was decanted, and the solid was
washed with n-pentane and dried in vacuo (145 mg, 0.176 mmol,
54%). Mp: 168 °C dec. 1H NMR (400.1 MHz, benzene-d6): δ 2.25 (s,
6H), 6.48 (d, J = 7.0 Hz, 2H), 6.84 (td, J = 7.7 Hz, J = 0.9 Hz, 4H),
6.93 (t, J = 7.5 Hz, 3H), 6.98 (t, J = 7.5 Hz, 2H), 7.25 (m, 6H), 7.05
(m, 9H), 7.43 (m, 8H), 8.15 (d, J = 7.8 Hz, 2H). 11B{1H} NMR
(128.4 MHz, benzene-d6): δ 23 (w1/2 = 400 ± 100 Hz). 13 C{1H}
NMR (100.6 MHz, benzene-d6): δ 24.6 (s), 119.9 (s), 126.0 (t, J = 2.6
Hz), 126.3 (s), 127.0 (s), 129.0 (s), 129.4 (s), 132.4 (s), 132.6 (s),
132.7 (s), 132.9 (t, J = 6.9 Hz), 133.6 (t, J = 7.8 Hz), 135.9 (s), 136.1
(s), 137.0 (t, J = 14.7 Hz), 138.3 (s), 138.4 (s), 138.5 (s), 138.6 (s),
138.8 (s), 158.2 (s). 31P{1H} NMR (161.9 MHz, benzene-d6): δ 30.4.
IR (KBr): ν̃/cm−1 3037 (w), 1599 (w), 1578 (w), 1477 (w), 1455
(m), 1431 (w), 1369 (w), 1265 (w), 1231 (w), 1182 (w), 1156 (w),
1123 (w), 1111 (w), 1091 (w) 1067 (w), 1026 (w), 998 (w), 852 (w),
774 (w), 761 (m), 742 (vs), 721 (m), 676 (m), 634 (w), 624 (m), 610
(w), 599 (m), 534 (w), 510 (s), 496 (m), 470 (w), 437 (w). Anal.
Calc. for C49H42BNP2Pd: C, 71.42; H, 5.14; N, 1.70. Found C, 71.69;
H, 5.37; N, 1.63.

Synthesis of {[(o-PPh2C6H4)2B(OAc)Ph]Pd(η
3-C3H5)} (9a). A 5

mL glass vial was charged with a solution of {[(o-PPh2C6H4)2BPh]-

Figure 6. Monitoring (1H NMR) of the allylic substitution of allyl
acetate with HNEt2 featuring 10. Conditions: 194 μmol of HNEt2, 97
μmol of allyl acetate, 24 μmol of C6Me6 (as internal 1H NMR
standard), 5 μmol of Pd complex, 0.75 mL of C6D6, T = 60 °C.
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Pd(lutidine)} (8b; 50 mg, 61 μmol, 1 equiv) in benzene (1.8 mL).
Allyl acetate (165 mg, 1.65 mmol, 27 equiv) was added, and the
mixture was stored overnight at ambient temperature. The vial was
then placed in a 20 mL glass vial containing n-hexane, which was
sealed. Within 40 h yellow crystals formed, which were isolated and
washed with n-pentane (39 mg, 47 μmol, 78%). Mp: 128−138 °C dec.
1H NMR (400.3 MHz, benzene-d6): δ 1.64 (s, 3H, CH3), 3.1−3.22
(m, 2H, Hallyl), 3.48−3.57 (m, 2H, Hallyl), 4.75−4.90 (m, 1H, Hallyl),
6.48−6.53 (m, 2H), 6.48−6.61 (m, 2H), 6.87−6.96 (m, 7H), 6.97−
7.03 (m, 9H), 7.24−7.30 (m, 1H), 7.30−7.39 (m, 3H), 7.45−7.68 (br,
5H), 7.70−7.74 (m, 2H), 8.06−8.10 (m, 2H). 1H NMR (400.3 MHz,
THF-d8): δ 1.24 (s, 3H, CH3), 3.35- 3.45 (m, 4H, Hallyl), 5.57−5.69
(m, 1H, Hallyl), 6.26−6.34 (m, 2H), 6.46−6.53 (m, 2H), 6.88−6.94
(m, 1H), 6.95−7.01 (m, 5H), 7.03−7.12 (m, 5H), 7.12−7.22 (m,
11H), 7.40−7.48 (m, 5H), 7.54−7.57 (m, 2H). 11B{1H} NMR (128.4
MHz, benzene-d6): δ 3.3 (s, w1/2 = 67 Hz). 13C{1H} NMR (100.6
MHz, benzene-d6) = δ 25.2 (s, OAc), 73.1 (s), 116.4 (s, Callyl).

31P
NMR (162.0 MHz, benzene-d6): δ 20.22 (s). 31 P{1H} NMR (162.0
MHz, THF-d8): δ 19.38 (s). IR (KBr): ν̃/cm−1 3090 (vw, sh), 3060
(w, sh), 3035 (m), 1957 (vw), 1813 (vw), 1690 (w, sh), 1652 (m),
1582 (w, sh), 1478 (m), 1447 (w), 1364 (m), 1288 (m), 1190 (w),
1182 (m), 1131 (m), 1093 (m), 1070 (w, sh), 1026 (m), 1001 (m),
938 (m), 851 (m), 821 (m), 728 (m), 746 (s), 696 (s), 678 (vs), 640
(m), 638 (m), 616 (m), 537 (m), 526 (m, sh), 510 (m, sh), 492 (m).
Anal. Calc. for C56H50BO2P2Pd: C, 72.00; H, 5.39. Found C, 71.35; H,
5.24.
Synthesis of {[(o-PPh2C6H4)2B(OBz)Ph]Pd(η

3-C3H5)} (9b).
Complex 8b (22 mg, 0.026 mmol, 1 equiv) and allyl benzoate (15
mg, 0.094 mmol, 3.6 equiv) were weighed into a glass vial. Benzene
(0.7 mL) was added, and the mixture was stirred for 10 min. The
solution was then transferred into a Wilmad quick pressure valve NMR
tube and immediately overlaid with hexane (0.4 mL). Within 24 h
single crystals suitable for X-ray analysis were formed. 1H NMR (400.1
MHz, THF-d8): δ 2.23 (br s, 2H, CH2), 3.40−3.30 (m, 2H, CH2),
5.54−5.43 (m, 1H, CH). 11B{1H} NMR (128.4 MHz, THF-d8): δ 4.5
(w1/2 = 220 ± 50 Hz). 31P{1H} NMR (161.9 MHz, THF-d8): δ 17.6
(s, w1/2 = 180 Hz).
{[(o-PPh2C6H4)2B(O2CCF3)Ph]Pd(η

3-C3H5)} (9c; NMR Experi-
ment). In a glovebox a glass vial was charged with complex 8b (10 mg,
13 μmol, 1 equiv) and neat allyl trifluoroacetate (7.5 mg, 49 μmol, 4
equiv). THF-d8 (0.7 mL) was added quickly, and the yellow solution
was transferred to a Wilmad quick pressure NMR tube. NMR analysis
was performed within 1 h. 1H NMR (400.3 MHz, THF-d8): δ 2.12 (bs,
2H, CH2), 3.58 (bs, 2 H, CH2), 5.54 (bs, 1H, CH). 11B{1H} NMR
(128.4 MHz, THF-d8): δ 4.5 (w1/2 = 350 Hz). HSQC (400.3 MHz,
THF-d8): δ 2.12/75.08, 3.58/75.08, 5.54/118.00. 31P{1H} NMR
(162.0 MHz, THF-d8): 19.3 (s, w1/2 = 11 Hz).
Reactivity Studies (Table 1, Entries 4 and 5). A stock solution

of complex 8b (20 mg, 7.0 μmol) in benzene-d6 (1.00 mL) was
prepared. The substrate (40 μmol, 20 equiv) was weighed into a 5 mL
glas vial, and a stock solution of 8b (0.3 mL, 2 μmol, 1 equiv) was
added. The resulting solution was transferred by a Pasteur pipet to a
quick pressure valve NMR tube. To secure quantitative transfer of the
solution to the NMR tube, the glass vial was flushed with benzene-d6
(2 × 0.2 mL), resulting in a total volume of 0.70 mL in the NMR tube.
Kinetics. A stock solution of HNEt2 (57.8 mg, 0.790 mmol, 2

equiv), allyl acetate (40.1 mg, 40.1 μmol, 1 equiv), and
hexamethylbenzene (15.3 mg, 94.3 μmol, 0.23 equiv) in benzene-d6
(total volume 1.00 mL) was prepared. A 5 mL glass vial was then
charged with the appropriate Pd complex (5.0 μmol), and 0.25 mL of
the stock solution was added. The resulting solution was transferred
with a Pasteur pipet to a quick pressure valve NMR tube. To secure
quantitative transfer of the reagents to the NMR tube, the glass vial
was flushed with benzene-d6 (0.25 mL + 0.20 mL), resulting in a total
volume of 0.70 mL in the NMR tube. The NMR tube was stored in an
ice bath until commencement of the kinetic study. The reaction
progress was monitored by 1H NMR spectroscopy. In the case of
complex 9a the NMR tube was heated within the NMR machine to 60
°C. NMR tubes containing catalyst 8a or 8b were heated in a
thermostated water bath (60.0 °C, Lauda ECO Silver thermostat).

After the indicated heating period the NMR tubes were cooled in an
ice bath for approximately 10 s. Complete cooling was demonstrated
by solidification of benzene-d6.

1H NMR spectra were recorded after
thawing of the sample.
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