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ABSTRACT: Steric properties of crystallographically and computation-
ally determined structures of linear palladium(0) and square planar
palladium(II) complexes of di(tert-butyl)neopentylphosphine (P(t-
Bu)2Np), tert-butyldineopentylphosphine (P(t-Bu)Np2), and trineopen-
tylphosphine (PNp3) have been determined. Structures of linear
palladium(0) complexes show that steric demand increases as tert-
butyl groups are replaced with neopentyl groups (P(t-Bu)2Np < P(t-
Bu)Np2 < PNp3). In square planar palladium(II) complexes, PNp3 gives
the smallest steric parameters, whereas P(t-Bu)Np2 has the largest steric
demand. The change in the steric demand of PNp3 compared to P(t-
Bu)2Np and P(t-Bu)Np2 results from a significant conformational
change in PNp3 depending on the coordination number of the metal.
The steric properties of these ligands were also probed by measuring the equilibrium constant for coordination of free phosphine to
dimeric [(R3P)Pd(μ-Cl)Cl]2 complexes. Binding equilibria follow the same trend as the steric parameters for square planar
complexes with PNp3 having the highest binding constant. In contrast to the normal trend, the neopentylphosphines show increased
pyramidalization at phosphorus with increasing steric demand. We hypothesize that this unusual dependence reflects the low back
side strain of the neopentyl group, which allows the ligand to be more pyramidalized while still exerting a significant front side steric
demand.

■ INTRODUCTION

Phosphorus-based ligands represent the predominant class of
supporting ligands for homogeneous catalytic processes
involving late transition metals. Because phosphorus-based
ligands can be synthesized with a nearly infinite variety of
substituents, the properties of these ligands can be widely
varied to promote desired catalytic reactions. Electronic
properties can be varied from strongly σ-donating trialkyl-
phosphines to π-accepting phosphites. Steric properties can
similarly be varied over a wide range of cone angles from PMe3
(118°) to P(mesityl)3 (212°). This wide range of steric and
electronic variability makes it important to be able to quantify
steric and electronic properties to allow ligand properties to be
compared. Quantifying steric properties becomes particularly
challenging with conformationally flexible ligands that may
have different low energy conformations as a function of the
structure of the coordinated metal complex.
A number of steric and electronic descriptors have been

developed in an effort to quantify the effects of ligands on
metal centers in catalyst systems.1 The Tolman cone angle (θ)
was the first quantified description of the steric impact of
ligands and remains a widely used steric descriptor (Figure 1).2

The Tolman cone angle is based on the least sterically

demanding conformation of a ligand, which is not always the
lowest energy conformation. Allen′s exact cone angle
parameter uses Tolman′s definition but is based on the low
energy conformation of the metal−ligand complex.3 To
address ligands with nonsymmetric steric profiles, the solid
cone angle (Ω) was developed.4 The solid cone angle is
derived from the area of the shadow projected by the ligand
atoms on a sphere surrounding the metal, which can be
converted to a vertex angle analogous to the Tolman cone
angle.
The percent buried volume (%Vbur) parameter developed by

Nolan et al. measures the percentage of a sphere occupied by
the ligand.5 The %Vbur has gained popularity as it can be
calculated with a simple web interface and handles non-
symmetric ligands, such as NHCs and chelating ligands, more
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easily than the cone angle description. Orpen et al. described
the angular symmetric deformation parameter (S4′) as an
easily measured steric descriptor. S4′ is defined as the
difference between the sum of the M−P−C angles (α) and
P−C−C angles (β).6 This parameter provides a measure of the
pyramidalization of the phosphorus center and is found to
inversely correlate with the Tolman cone angle.7

The Tolman electronic parameter (χ) based on the
symmetric CO stretch of LNi(CO)3 complexes is the basis
for the majority of reported ligand electronic properties.2b,8

Because of the toxicity of Ni(CO)4; molybdenum, iridium, and
rhodium carbonyl complexes have been correlated with the
original Tolman scale.9 Other electronic parameters that have
been applied to analyzing phosphine ligands include the pKa of
phosphonium ions, proton affinity, calculated charge on
phosphorus, and the HOMO energy level of the phosphi-
ne.1b,10

Our group has been interested in phosphines containing
conformationally flexible neopentyl substituents, such as di-
tert-butylneopentylphosphine (P(t-Bu)2Np; Figure 2), tert-

butyldineopentylphosphine (P(t-Bu)Np2), and trineopentyl-
phosphine (PNp3). P(t-Bu)2Np provides active catalysts for a
variety of traditional palladium-catalyzed cross-coupling
reactions of aryl bromides and chlorides.11 Interesting
differences between catalysts derived from P(t-Bu)2Np and
PNp3 have been observed in these reactions. In the Heck
coupling of cyclic alkenes, P(t-Bu)2Np and PNp3 afford
catalysts with orthogonal olefin product selectivity.12 The P(t-
Bu)2Np/Pd catalyst system is not effective for cross-coupling
of sterically demanding substrates. In contrast, the catalyst
derived from palladium and PNp3 is effective at coupling
sterically demanding aryl halides.11d,13 The ability of PNp3-
derived catalysts to couple sterically demanding substrates has

been ascribed to its conformational flexibility compared to
more rigid ligands like P(t-Bu)2Np and P(t-Bu)3.

13b,14

The replacement of tert-butyl substituents with neopentyl
groups introduces a degree of conformational flexibility into
the ligand. The steric demand of the neopentyl substituent is
expected to vary depending on the M−P−C−C dihedral angle
(Figure 3). When the neopentyl group is syn coplanar with the

P−Pd bond (A), it has maximum steric impact. As the Pd−P−
C−C dihedral angle increases, the steric demand is expected to
decrease with a minimal value in the anti conformation (C).
This flexibility is analogous to that observed in phosphite
ligands.15 Analysis of crystal structures shows that P(OMe)3
can have cone angles ranging from 103 to 139°, with the
majority of experimental structures having much larger values
than the Tolman cone angle of 107°.16

The steric and electronic properties of the neopentylphos-
phine ligands have been previously analyzed using exper-
imental and computational data.11a,b Solid cone angles based
on calculated LPd(0) complexes showed that replacing tert-
butyl groups with neopentyl substituents increased the ligand
steric demand. The low energy conformations for these
complexes have small Pd−P−C−C dihedral angles for the
neopentyl substituents (conformation A, Figure 3). We have
since reported crystal structures of square planar palladium(II)
complexes with these ligands, that have conformations of type
B and C.11c,f,13b,14 On the basis of these observations, we
hypothesized that the steric parameters determined for LPd(0)
may not be relevant to the square planar palladium(II)
complexes that are key catalytic intermediates in cross-
coupling reactions. In particular, PNp3 undergoes a large
conformational change depending on the metal coordination
number, which might be expected to significantly affect the
steric properties of this ligand.
In this work, a detailed analysis of the structure of the P(t-

Bu)nNp3−n (n = 0−3) has been performed for the ligands
coordinated in linear palladium(0) and square planar
palladium(II) complexes to determine how coordination
number affects the conformation and steric properties of
neopentylphosphines. Both types of complexes are relevant to
the palladium-catalyzed cross-coupling reaction catalytic cycle
involving a Pd(0/II) redox cycle. We report that the steric
demand of PNp3 varies significantly depending on the
coordination number of the metal complex, whereas the
more rigid P(t-Bu)2Np has a smaller range of steric effects. The
effective steric demand of these ligands was probed by
measuring the binding equilibrium for these ligands with
[LPd(μ-Cl)Cl]2 complexes to afford trans-L2PdCl2.

Figure 1. Steric descriptors of phosphine ligands.

Figure 2. Structures of P(t-Bu)3 and neopentyl phosphines

Figure 3. Potential effect of the change in the Pd−P−C−C dihedral
angle of neopentylphosphines on the ligand steric demand.
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■ RESULTS
Synthesis of [(R3P)Pd(μ-Cl)Cl]2 and trans-(R3P)2PdCl2

Complexes. The neopentylphosphine palladium complexes
were prepared using known procedures to give [(R3P)Pd(μ-
Cl)Cl]2 (1a−1c) and (R3P)2PdCl2 (2a−2c) complexes
(Scheme 1).11f The complexes are air stable and show no

signs of decomposition upon storage in air at ambient
temperature for extended periods. In contrast, [((t-Bu)3P)Pd-
(μ-Cl)Cl]2 undergoes decomposition by ligand metalation
over the course of several days.17 ((t-Bu)3P)2PdCl2 has been
reported,18 but no structural or spectroscopic data have been
published for this complex. Our attempts to prepare this
complex indicated that it undergoes cyclometalation over the
course of several hours in solution.
The 31P NMR chemical shifts for the [(PR3)Pd(μ-Cl)Cl]2

complexes (1a, 1c) are 20−30 ppm downfield compared to the
(PR3)2PdCl2 complexes (2a−2c, Table S4, Supporting
Information) as observed in similar systems.19 Ligand
dissociation occurs upon dissolving the bisphosphine com-
plexes (2a, 2b) in CDCl3 to give an equilibrium mixture of
complex 2, the [(PR3)Pd(μ-Cl)Cl]2 complex (1), and free
phosphine. In C6D6, less than 5% of ligand dissociation from
2a to give free P(t-Bu)2Np and 1a was observed. A larger
extent (10%) of dissociation of P(t-Bu)Np2 from 2b was
observed in C6D6. Ligand dissociation was not observed in the
31P NMR spectrum of complex 2c in either solvent. 31P NMR
chemical shifts were calculated for complexes 1a−1c and 2a−
2c. The calculated chemical shifts were higher than the
experimental values by 39.7−42.5 ppm for 1a−1c and 16.6−
22.4 ppm for 2a−2c, similar to previously reported calculated
31P NMR shifts.20 Although the absolute shifts were too high,
the calculated values accurately predicted the difference in
chemical shift between the complexes within each series of
compounds.
Structural analysis of [(R3P)Pd(μ-Cl)Cl]2, trans-

(R3P)2PdCl2, and (R3P)2Pd complexes. X-ray quality crystals
of 1a·2CHCl3 were obtained by slow evaporation from
chloroform (Figure 4). Diffusion of hexane into an acetonitrile
solution of 1c gave X-ray quality crystals of the solvent-free
complex. Both structures were chloride-bridged dimers with
coplanar palladium square planes. Alternate nonplanar
polymorphic structures of 1a and 1c were obtained by
diffusion of pentane into methylene chloride. The alternate
structures had similar structural parameters apart from the
angle between the palladium square planes (Figures S21 and

S23, Tables S5 and S6, Supporting Information). Several single
crystals of 1b were obtained from various conditions, but all
the crystals were disordered and gave low resolution structures.
The crystal structure of 2a has been previously reported by

our group.11c Crystals of 2b and 2c were obtained by pentane
diffusion into methylene chloride solutions. Like 2a, complexes
2b and 2c crystallized with two molecules in the asymmetric
unit with similar structural parameters (Figure 5 and Figures

S24 and S25, Supporting Information). Both molecules in the
asymmetric unit have a point of inversion at the palladium
center. Data for the one molecules (Pd1) is discussed here, and
values for both structures are reported in the Supporting
Information (Tables S7−S9).
Because complex 1b did not give X-ray quality crystals, an

alternative monophosphine complex of P(t-Bu)Np2 was
prepared to approximate the structure of 1b. Structural
characterization of (PNp3)Pd(Ar)(pyridine)Br complexes
shows that pyridine ligands have little effect on the phosphine
structure compared to halide-bridged analogs ([(PNp3)Pd-
(Ar)Br]2).

14 The reaction between 1b and 4-picoline provided
complete conversion to [(P(t-Bu)Np2)PdCl2(4-picoline)] (3b;
eq 1). X-ray quality crystals of complex 3b were obtained by
cooling a concentrated solution of 1b in methylene chloride
with excess 4-picoline (Figure 6).

A comparison of selected experimental and calculated bond
lengths and angles for complexes 1a, 3b, 1c, and 2a−2c are
shown in Tables 1 and 2 (Figure 7). Crystal structures of
Pd(0) complexes (R3P)2Pd (PR3 = PtBu2(Np) (4a),11c

PtBu(Np)2 (4b),
21 and P(Np)3 (4c)

13a) have been previously
reported by our group (Figures S28−S30). Experimental and
computational structural parameters are reported in Table S10

Scheme 1. Synthesis of [(R3P)Pd(μ-Cl)Cl]2 (1a−1c) and
trans-(R3P)2PdCl2 (2a−2c) Complexes

Figure 4. Thermal ellipsoid plots (50% probability) of [(PR3)Pd(μ-
Cl)Cl]2 complexes (1a, PR3 = P(t-Bu)2Np; 1c, PR3 = PNp3).
Hydrogen atoms and cocrystallized solvent (1a) are omitted for
clarity. (a) 1a, (b) 1c. Structural data are provided in Table 1.

Figure 5. Thermal ellipsoid plots (50% probability) of (R3P)2PdCl2
complexes (2a, PR3 = P(t-Bu)2Np; 2c, PR3 = PNp3). Plots show one
of two molecules in the asymmetric unit with hydrogen atoms
omitted for clarity. (a) 2b, (b) 2c. Structural data are provided in
Table 2.
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(Supporting Information). The calculated structures were
obtained at the DFT level using the BP8622 and SVWN523

functionals. The DFT optimized structures with the BP86 and
SVWN5 functionals bracket the experimental bond distances.
The calculated bond angles are within 3° of experimental
values. For 1a and 3b, the calculated and experimental torsion
angles agree to experimental values within 5°. There is more
variation between the computed and experimental torsion
angles for 1c with differences up to 20°.
The Pd−P bond lengths for the (PR3)PdCl2(L) complexes

(1a and 1c, L = μ-Cl; 3b, L = 4-picoline) are shorter than

those in the (PR3)2PdCl2 complexes 2a−2c. The Pd−P bond
distances also decrease as the number of neopentyl
substituents increases (1a > 3b > 1c; 2a > 2b > 2c), a trend
consistent with decreasing front steric strain between the
ligand and PdCl2 unit.

6,7 The Pd−P distances in 2a and 2b are
longer than that seen for ((P(t-Bu)3)P)2Pd(H)Cl (2.361 Å),

24

whereas 2c has a similar Pd−P bond length to the P(t-Bu)3
complex. The L2Pd(0) complexes (4a−4c) have shorter Pd−P
bond lengths than 2a−2c. The Pd−P bond lengths of 4a and
4b are similar to those of 1a and 3b, whereas PNp3 complex 1c
has a shorter Pd−P bond length than 4c. The Pd−P bonds of
4a−4c are the same within error.
Monophosphine complexes 1a, 3b, and 1c have slight

seesaw distortions to the square plane with angles between
trans ligands ranging from 168.25−179.20° (1a: τ4 = 0.10, τ4′
= 0.07; 3b: τ4 = 0.09, τ4′ = 0.09; 1c: τ4 = 0.03, τ4′ = 0.02).25

The angle between the phosphine and the cis μ-chloride is
expanded (1a = 98.8°; 1c = 95.6°) and the Cl−Pd−Cl angle
for the bridging chlorides is compressed (1a = 83.2°; 1c =
84.3°). In complex 3b, the large P−Pd−Cl angle is for the
chlorine that is nearly eclipsed with the tert-butyl substituent,
and the chlorine that roughly bisects the Np−P−Np has a 90°
P−Pd−Cl bond angle. The bis(phosphine) complexes (2a−
2c) have nearly ideal square planar geometries with τ and τ′ =
0 and cis L−Pd−L bond angles close to 90°.
The methylene unit of the neopentyl substituent provides a

degree of flexibility through bond rotation (Pd−P−C−C
dihedral angle), expansion of the P−C−C angle, and
compression of the C−P−C angles. The response of the

Figure 6. Thermal ellipsoid plot of (P(t-Bu)Np2)PdCl2(4-picoline)
(3b). Thermal ellipsoids drawn at the 50% probability level.
Hydrogens are omitted for clarity.

Table 1. Selected Experimental and Computational Bond Lengths (Å) and Angles (deg) of Complexes 1a, 3b, and 1c

parametera 1a exptb
1a calc
BP86

1a calc
SVWN 3b expt

3b calc
BP86

3b calc
SVWN 1c exptb

1c calc
BP86

1c calc
SVWN

Pd1−P 2.2869(6) 2.310 2.247 2.2758(9) 2.318 2.261 2.2362(6) 2.272 2.218
Pd1−Cl1′ 2.3216(6) 2.370 2.309 2.3128(7) 2.343 2.310 2.3238(6) 2.382 2.327
Pd1−Cl2 2.2910(6) 2.323 2.273 2.3042(7) 2.362 2.288 2.2865(6) 2.317 2.267
Pd1−Cl1 2.4429(6) 2.465 2.391 2.4304(6) 2.467 2.392
P−C1 1.843(2) 1.879 1.835 1.857(2) 1.887 1.844 1.838(2) 1.871 1.831
P−C2 1.892(2) 1.941 1.887 1.859(3) 1.894 1.851 1.839(2) 1.876 1.835
P−C3 1.893(3) 1.933 1.883 1.885(3) 1.926 1.881 1.840(2) 1.869 1.833
P−Pd1−Cl1′ 98.82(2) 99.1 97.8 89.68(3) 90.6 90.0 96.30(2) 96.3 95.8
P−Pd1−Cl2 91.79(2) 92.5 92.2 96.30(3) 95.3 93.8 87.46(2) 89.9 88.3
Cl2−Pd1−Cl1 86.19(2) 86.3 86.4 86.36(6)c 87.0c 87.9c 91.79(2) 90.0 90.8
Cl1′−Pd1−Cl1 83.16(2) 82.0 83.5 87.61(6)c 87.1c 88.3c 84.45(2) 83.7 85.0
Cl1′−Pd1−Cl2 168.25(2) 168.1 169.7 173.60(6) 173.8 173.9 176.22(3) 172.6 174.3
P−Pd1−Cl1 177.95(2) 177.5 177.0 173.99(3)c 177.6c 173.6c 179.20(3) 178.6 178.2
C1−P−C2 103.0(1) 102.3 102.8 107.2(1) 107.3 106.8 108.92(9) 107.9 107.1
C2−P−C3 107.9(1) 109.8 109.5 104.7(1) 104.2 104.5 101.80(9) 105.8 106.8
C3−P−C1 109.9(1) 108.6 108.1 98.1(1) 97.2 98.5 110.16(9) 106.7 107.3
∑C−P−C 320.8(2) 320.7 320.4 310.0(2) 308.7 309.8 320.9(2) 320.4 321.2
Pd1−P−C1 111.45(7) 112.6 112.5 112.36(8) 112.8 111.9 111.03(6) 114.0 113.6
Pd1−P−C2 116.71(8) 106.3 106.0 121.59(9) 121.0 121.5 113.10(6) 112.3 113.2
Pd1−P−C3 106.97(8) 116.4 116.9 110.13(9) 111.5 111.1 111.47(7) 109.7 108.5
∑Pd−P−C 335.1(1) 335.3 335.4 344.1(1) 345.3 344.5 335.6(1) 336.0 335.3
P−C1−C 126.9(1) 127.7 125.5 126.2(2) 126.9 124.3 125.7(1) 126.3 123.8
P−C2−C 125.5(2) 125.0 122.7 121.9(1) 123.6 121.2
P−C3−C 123.9(2) 123.3 120.5
Cl2−Pd1−P−C1 33.55(7)) 32.4 32.1 33.11(9) 34.0 33.8 174.95(7) 164.3 165.5
Pd1−P−C1−C 61.4(2) 62.7 61.9 25.6(3) 25.1 26.0 170.9(1) 150.9 153.8
Pd1−P−C2−C 62.8(2) 62.8 61.7 41.9(2) 72.5 71.9
Pd1−P−C3−C 56.3(2) 47.6 46.8

aSee Figure 7 for structure key. bPlanar polymorph (Figure 4) was used for analysis. cCl−Pd−N bond angle.
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Pd−P−C−C dihedral angle can be seen most dramatically
when comparing linear L2Pd(0) complexes (4a−4c, Table
S10) and square planar palladium(II) complexes (1a, 3b, 1c,
and 2a−2c, Tables 1 and 2). The neopentyl group in the
Pd(P(t-Bu)2Np)2 complex is eclipsed with the Pd−P bond
(Pd1−P1−C1−C2 = 0.3(1)°). In the four coordinate
complexes, the neopentyl substituent rotates away from the
chloride ligand and adopts a gauche conformation to the Pd−P
bond in the monophosphine complex (Pd1−P1−C1−C2 (1a)
= 62.7(9)°) and the bisphosphine complex (Pd1−P1−C28−
C30 (2a) = 64.5°).
A similar trend is seen with P(t-Bu)Np2 and PNp3

complexes. One of the neopentyl groups of P(t-Bu)Np2 is
eclipsed with the Pd−P bond in Pd(P(t-Bu)Np2)2 (Pd−P−C−
C = 2.2(6)°) with the other neopentyl group also having a
relatively small dihedral angle (29.6(6)°), whereas the dihedral
angles are larger in 3b and 2b. The Pd(PNp3)2 complex has C3
symmetry along the P−Pd−P axis with all the neopentyl

substituents oriented toward the palladium with a Pd−C−C−
C dihedral angle of 34.6°. The Pd(II) complexes of PNp3 (1c,
2c) adopt a conformation in which one neopentyl group is
approximately anti to the Pd−P bond and the other two
neopentyl groups are gauche (Pd−P−C−C: 1c = 170.9(1)°,
56.3(2)°, 41.9(2)°; 2c = 145.1°, 72.3°, and 56.2°). This
pattern is consistent with other structurally characterized 4-
coordinate complexes of trineopentylphosphine,13a,14 as well as
complexes of other primary alkylphosphines, such as PEt3 and
P(n-Bu)3.

26

Changing from linear to square planar structures results in
an increase in the P−C−C angle of the neopentyl substituents.
In Pd(P(t-Bu)2Np)2 (4a), the P−C−C angle of the neopentyl
substituent is 119.62°. In the four-coordinate complexes (1a,
2a), the neopentyl P−C−C angles increases to 126.7° (1a)
and 126.2° (1b), respectively. A similar trend is seen with P(t-
Bu)Np2 and PNp3. The two-coordinate L2Pd complexes have
neopentyl P−C−C angles similar to that of Pd(P(t-Bu)2Np)2.
Palladium(II) P(t-Bu)Np2 complexes 3b and 2b have neo-
pentyl P−C−C angles ranging from 125.5 to 127.4° compared
to 121° in 4b. In the trineopentylphosphine system (1c, 2c,
and 4c), the P−C−C angles of the neopentyl groups increase
from 120.4° for the linear 4c to 121.9−125.5° in [(PNp3)Pd-
(μ-Cl)Cl]2 (1c) and 123.4−127.9° for (PNp3)2PdCl2 (2c).
The largest angle in each case is the neopentyl group anti to
the Pd−P bond.
For each of the ligands, the∑C−P−C value increases on going

from the L2Pd (4) to L2PdCl2 (2) to [LPd(μ-Cl)Cl]2 (1)
complexes. Increased π-backbonding in the Pd(0) complexes
compared to Pd(II) would be expected to result in smaller
∑C−P−C values.27 Increased π-backbonding should also
increase the P−C bond lengths. This trend is seen for the
PNp3 complexes (4c vs 1c), but the P(t-Bu)2Np complexes

Table 2. Selected Experimental and Computational Bond Lengths (Å) and Angles (deg) of Complexes 2a−2c

parametera 2a expt 2a calc BP86
2a calc
SVWN 2b expt 2b calc BP86

2b calc
SVWN 2c expt 2c calc BP86

2c calc
SVWN

Pd1−P 2.4149 2.459 2.366 2.3893 2.437 2.353 2.3568 2.396 2.322
Pd1−Cl1 2.3035 2.351 2.300 2.3068 2.354 2.308 2.3055 2.359 2.309
P−C1 1.852(1) 1.887 1.843 1.854(2) 1.885 1.848 1.850(2) 1.880 1.838
P−C2 1.903(1) 1.941 1.890 1.854(2) 1.890 1.843 1.843(2) 1.876 1.840
P−C3 1.908(1) 1.946 1.893 1.900(2) 1.937 1.889 1.849(2) 1.877 1.838
P−Pd1−Cl1 90.80 91.3 90.9 91.85 92.0 91.1 91.85 90.9 91.9
P−Pd1−Cl1 89.20 88.7 89.1 88.15 88.0 88.9 88.15 89.1 88.1
Cl1−Pd1−Cl1 180.00 180.0 180.0 180.00 180.0 180.0 180.00 180.0 180.0
P−Pd1−P 180.00 180.0 180.0 180.00 180.0 180.0 180.00 180.0 180.0
C1−P−C2 100.92(6) 100.9 101.8 102.03(9) 100.7 101.8 107.18(9) 107.7 107.2
C2−P−C3 109.05(6) 108.7 108.5 99.74(9) 98.8 99.5 105.23(9) 104.0 105.4
C3−P−C1 106.87(6) 107.2 106.9 106.86(9) 107.4 107.0 105.78(9) 105.8 106.4
∑C−P−C 316.8(1) 316.8 317.2 308.6(2) 306.9 308.3 318.2(2) 317.5 319.0
Pd1−P−C1 112.59 113.0 112.6 115.26 114.2 113.7 111.71 111.7 112.3
Pd1−P−C2 105.53 105.2 104.7 120.16 120.4 120.7 117.05 117.6 117.5
Pd1−P−C3 120.14 119.9 120.5 110.25 112.6 111.7 109.15 109.3 107.2
∑Pd1−P−C 338.26 338.1 337.8 345.67 347.2 346.1 337.91 338.6 337.0
P−C1−C 126.2(1) 127.6 125.3 127.4(1) 127.1 125.2 127.9(1) 127.3 124.8
P−C2−C 123.4(1) 123.5 121.1
P−C3−C 126.5(2) 126.6 123.9 124.3(1) 123.6 120.7
Cl1−Pd1−P−C1 25.80 28.3 28.2 26.10 29.5 27.0 38.59 36.6 39.6
Pd1−P−C1−C 64.5 65.3 64.8 65.1 64.5 63.8 145.1 147.5 149.8
Pd1−P−C2−C 72.4 74.5 75.2
Pd1−P−C3−C 47.7 44.1 42.4 56.2 51.4 50.3
aSee Figure 7 for structure key.

Figure 7. Key to structure descriptors used in Tables 2 and 3.
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only show a statistically significant difference for the P−Np
bond. The P(t-Bu)Np2 P−C bond lengths do not have
differences greater than 3σ.
Calculated ∑C−P−C values for the free ligands are similar to

the values in the L2Pd complexes (Table 3). The∑C−P−C value

for PNp3 is similar to those of PEt3 (299.4°) and PMe3
(297.4°).28 The pyramidalization of the neopentylphosphines
does not change significantly upon complexing to palladium(0)
(4). The free ligands all have smaller ∑C−P−C values than the
palladium(II) complexes (1a, 1c, 3b, and 2a−2c), which is
expected with a less π-basic metal center.6 The ∑C−P−C value
for the low symmetry conformation of PNp3 found in 1c and
2c was also calculated. This value is smaller than that of PNp3
in 1c and 2c. The lower symmetry conformation of PNp3 is
higher in energy in the gas phase by 4.7 (SVWN5) and 5.7
(BP86) kcal/mol.
For the free ligands and the L2Pd(0) complexes, the

phosphorus becomes increasingly pyramidalized as tert-butyl
groups are replaced with neopentyl groups (PNp3 < P(t-

Bu)Np2 < P(t-Bu)2Np). In contrast, the trend with square
planar palladium(II) centers is P(t-Bu)Np2 < P(t-Bu)2Np ≈
PNp3. The ∑C−P−C value increases by approximately 7° for
P(t-Bu)2Np and P(t-Bu)Np2 going from complex 4 to complex
1a or 3b. The increase is significantly larger for PNp3
complexes 4c and 1c (25°), which accounts for the change
in the trend. The larger change in ∑C−P−C value likely reflects
the more significant conformational change that PNp3
undergoes from the L2Pd (4c) to the palladium(II) structures
(1c and 2c).

Ligand Steric Parameters. The steric properties of the
neopentylphosphine ligands in different coordination environ-
ments were determined using the experimental and calculated
structural data for the (R3P)2Pd, [(R3P)Pd(μ-Cl)Cl]2, and
(R3P)2PdCl2 complexes, as well as LPd0 and LPdCl2 (Table 4).
In the case of the L2Pd(0) complexes (4), the solid cone angle
increases as tert-butyl groups are replaced with neopentyl
substituents (P(t-Bu)3 < P(t-Bu)2Np < P(t-Bu)Np2 < PNp3).
The same trend is seen for calculated structures of LPd0

complexes. The solid cone angles increase for P(t-Bu)2Np and
P(t-Bu)Np2 in the palladium(II) complexes 1 and 2. In
contrast, the solid cone angle for PNp3 decreases going from
palladium(0) to palladium(II). As a result, the trend for the
(PR3)PdCl2L′ (1a, 1c, 3b; P(t-Bu)2Np ≈ PNp3 < P(t-Bu)Np2)
and (PR3)2PdCl2 (2a−2c; PNp3 < P(t-Bu)2Np < P(t-Bu)Np2)
indicate that PNp3 is smaller than P(t-Bu)Np2 and similar in
size to P(t-Bu)2Np in the square planar palladium(II)
complexes. Cone angles for the calculated LPdCl2 and
L2PdCl2 follow the same trend of P(t-Bu)2Np < P(t-Bu)Np2

Table 3. Calculated ∑C−P−C Values for the Free Ligands

∑C−P−C (deg)

functional P(t-Bu)2Np P(t-Bu)Np2 PNp3

BP86 313.4 304.7 297.3a/311.0b

SVWN5 311.5 305.9 297.9a/309.2b

aLow energy C3 symmetry configuration bLigand in the optimized
conformation found in complexes 1c and 2c

Table 4. Steric Parameters for P(t-Bu)3, P(t-Bu)2Np, P(t-Bu)Np2, and PNp3 Complexes

complex
Ωexpt
(deg)a

ΩDFT
(deg)a,b

θexpt
(deg)c

θDFT
(deg)b,c

%Vbur(expt)
(%)d

%Vbur (DFT)
(%)b,d

S4expt′
(deg)e

S4DFT′
(deg)b,e

LPd0

(P(t-Bu)3)Pd 191.0 191.0 38.1 6.9
(P(t-Bu)2Np)Pd 208.5 194.5 41.7 22.7
(P(t-Bu)Np2)Pd 216.2 206.4 44.5 40.2
(PNp3)Pd 217.8 200.7 45.5/40.0f 52.8/30.1

L2Pd
0

(P(t-Bu)3)2Pd
g 181.9 185.6 181.3 185.4 36.7 35.6 8.5 9.2

(P(t-Bu)2Np)2Pd (4a) 190.2 191.0 181.2 184.8 39.4 38.1 27.44 28.2
(P(t-Bu)Np2)2Pd (4b) 200.6 208.9 194.5 194.7 40.8 38.8 48.0 49.4
(PNp3)2Pd (4c) 212.6 208.2 203.0 186.6 42.3 35.7 60.3 62.6

[LPd(μ-Cl)Cl]2
[(P(t-Bu)3)Pd(μ-Cl)Cl]2 192.1 180.5 34.2 7.0
[(P(t-Bu)2Np)Pd(μ-Cl)Cl]2 (1a) 210.4 211.8 190.3 190.9 36.6 35.7 14.3 14.6
[(P(t-Bu)Np2)Pd(μ-Cl)Cl]2 (1b) 218.4h 216.5 195.0h 197.5 38.4h 32.2/36.7h 34.1h 36.6
[(PNp3)Pd(μ-Cl)Cl]2 (1c) 210.7 203.1 200.3 191.6 37.4 34.6 14.72 15.6

LPdCl2
(P(t-Bu)3)PdCl2 198.6 187.1 36.6 1.2
(P(t-Bu)2Np)PdCl2 216.1 194.6 37.6 13.6
(P(t-Bu)Np2)PdCl2 219.8 200.9 38.1 26.4
(PNp3)PdCl2 227.1 206.5 38.0 10.7

L2PdCl2
(P(t-Bu)3)2PdCl2 185.8 170.8 29.2 14.8
(P(t-Bu)2Np)2PdCl2 (2a) 205.1 203.2 180.9 182.9 33.2 32.1 21.42 21.3
(P(t-Bu)Np2)2PdCl2 (2b) 210.3 204.3 185.7 187.5 33.9 32.4 37.04 40.0
(PNp3)2PdCl2 (2c) 203.4 215.5 183.9 184.3 32.4 32.3 19.72 21.1

aSolid cone angle determined using the STERIC program.4b bBP86/DZVP2 optimized geometries. cExact cone angle determined by the Allen
method3 dPercent buried volume calculated with SambVca 2.05c eS4′ = ∑Pd−P−C − ∑P−C−C.

fThe first value is for the optimal C3 symmetry
configuration found in the free ligand, and the second value is for the ligand in the optimized conformation found in the palladium complex.
gExperimental values determined from reported crystal structure.29 hDetermined from crystal structure of 3b
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< PNp3. Exact cone angles (θ) were calculated using Allen′s
method.3 The exact cone angles were smaller than the solid
cone angles by 0−20° but followed similar trends.
The %Vbur for the ligands depends on the coordination

environment at palladium (Table 4). In the two-coordinate
L2Pd

0 complexes, the %Vbur values increase as additional
neopentyl groups are added (P(t-Bu)3 < P(t-Bu)2Np < P(t-
Bu)Np2 < PNp3). The LPd complexes follow the same trend
with larger values. The 4-coordinate [LPd(μ-Cl)Cl]2 com-
plexes have smaller %Vbur values than the L2Pd

0 complexes.
The decrease in %Vbur is largest for PNp3 and smallest for P(t-
Bu)Np2. As a result, the %Vbur increases in the order P(t-
Bu)2Np < PNp3 < P(t-Bu)Np2. Adding a second phosphine to
the coordination sphere further decreases the %Vbur for all
three ligands, with PNp3 having the largest decrease. The
ordering for the L2PdCl2 complexes is PNp3 < P(t-Bu)2Np <
P(t-Bu)Np2.
Experimental and calculated structures for the neopentyl-

phosphine series give similar S4′ values (Table 4). For the LPd
and L2Pd complexes, the S4′ parameter increases in the order
P(t-Bu)3 < P(t-Bu)2Np < P(t-Bu)Np2 < PNp3. Previously
reported values of S4′ for P(t-Bu)3 (7.4), P(t-Bu)2Np (23.3°),
P(t-Bu)Np2 (43.4°), and PNp3 (48.6°) based on calculated
LAuCl structures are similar to those calculated for LPd
complexes.10b Significantly, the S4′ parameter for these ligands
correlates positively with cone angle and %Vbur values, which is
opposite of the expected trend.7

The palladium(II) complexes have smaller S4′ values than
the palladium(0) complexes due in part to decreased π
backbonding from palladium. The L2PdCl2 complexes have
larger S4′ values for each ligand than the [LPd(μ-Cl)Cl]2
complexes. For all of the palladium(II) complexes analyzed,
P(t-Bu)2Np and PNp3 have similar S4′ values, whereas P(t-
Bu)Np2 has a significantly larger value. For example, in the
L2PdCl2 complexes, the values are PNp3 = 19.72°, P(t-Bu)2Np
= 21.42°, and P(t-Bu)Np2 = 37.04°. These values correlate
positively with cone angle and %Vbur values, rather than the
expected inverse correlation.
Analysis of Ligand Electronic Properties. The proton

affinity (PA) is a measure of the Lewis basicity of the
phosphines. The proton affinities of the phosphines were
calculated at the BP86 and SVWN5 levels (Table 5). The PA

was benchmarked by calculating the values for PH3 and PMe3
at the DFT levels as well as at the G3MP2 level.30 There is
good agreement between the G3MP2 values and experimental
values,31 and the BP86 values are also in agreement with the
experimental and the G3MP2 calculated values within 2 kcal/
mol. The PA for the low symmetry PNp3 conformation found
in complexes 1c and 2c is higher than in the optimal C3
structure. The PA values have little variation between the
ligands but increase in the order PNp3 ≲ P(t-Bu)Np2 < P(t-

Bu)2Np. The trend is similar to that previously reported by us
with other electronic descriptors, including CO stretching
frequencies of trans-(R3P)2Rh(CO)Cl complexes, calculated
charge on phosphorus of the free ligands, and HOMO energy
levels for the free ligand.11b

Ligand Binding Equilibria. Complexes 2a and 2b
undergo ligand dissociation in solution to establish an
equilibrium between the corresponding monophosphine
dimer (1a−1c), free phosphine, and the diphosphine complex
(2a−2c). Quantification of the equilibrium constants for these
reactions would provide a way to assess the effective steric
demand of these ligands as it affects ligand binding equilibria.
Reaction equilibria were measured by analyzing the bridge
cleavage reaction of complexes 1a−1c with neopentylphos-
phines (eq 2, Table 6). Solutions with varied concentrations of

the palladium dimer complex (1) and free ligand were analyzed
by 31P NMR spectroscopy in both C6D6 and CDCl3. The
reactions reached equilibrium within minutes and showed no
further change over time.
Phosphine binding to 1a−1c was exothermic for all three

ligands, resulting in equilibrium constants ranging from 102 to
106. For all three complexes, the equilibrium constants
obtained in C6D6 were larger than those measured in CDCl3.
For P(t-Bu)2Np and Pt-Bu(Np)2, the equilibrium constant was
an order of magnitude larger in benzene compared to
chloroform, whereas the difference was only a factor of 2 for
PNp3. For each solvent system, the equilibrium constants
increased in the order Pt-Bu(Np)2 < P(t-Bu)2Np < PNp3, with
the difference between each ligand being 1−2 orders of
magnitude. The binding equilibria correlate positively with the
cone angle, %Vbur, and S4′ trends for complexes 1 and 2.
The binding equilibria were also analyzed computationally.

The binding of phosphine to [(PR3)Pd(μ-Cl)Cl]2 complexes
1a−1c (eq 2) can be considered to occur in two different
steps: (1) dissociation of [(PR3)Pd(μ-Cl)Cl]2 into two
molecules of (PR3)PdCl2 (Reaction 3) and (2) addition of
the phosphine to (PR3)PdCl2 (Reaction 4). The energy of
reaction 2 is then 3 + 2(4).

(PR )Pd( Cl)Cl 2(PR )PdCl3 2 3 2[ μ‐ ] → (3)

(PR )PdCl PR (PR ) PdCl3 2 3 3 2 2+ → (4)

To benchmark the DFT functionals, the energy of reaction 3
with PR3 = PH3 was calculated at the Feller−Peterson−Dixon
(FPD) level32 using coupled cluster CCSD(T) theory
calculations extrapolated to the complete basis set limit plus
additional corrections (Tables S11). The energy for reaction 4
at the FPD level was previously reported.33 The correction
factors determined from the FPD calculations on [(PH3)Pd(μ-
Cl)Cl]2 were used for the larger phosphines, an approximation
that does not consider additional corrections for steric effects.
Single point energies were calculated with a variety of gradient
corrected functionals which treat long-range steric interactions
in different ways: BP86,22 B3LYP,34 ωB97x-D,35 CAM-
B3LYP,36 M06,37 TPSS,38 and HSEh1PBE.39

Table 5. Phosphines Proton Affinities at 298 K in kcal/mol
for Different DFT Starting Geometries

phosphine BP86 SVWN5 G3MP2 exp

P(t-Bu)2Np 240.9 233.3
P(t-Bu)Np2 237.6 230.4
PNp3 236.4/240.2a 230.0/232.4a

PH3 185.7 178.9 187.3 187.331

PMe3 226.4 219.9 228.1 229.231

aUsing the experimental conformation in 2c
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All the functionals predict reaction 3 to be endothermic with
the B3LYP and BP86 functionals predicting the least
endothermicity (Table S12, SI). The endothermicities for all
the functionals fall in the range of 8.5 to 14.0 kcal/mol for the
neopentylphosphines. The reactions are predicted to be less
endothermic in CHCl3 than in C6H6. The smallest
endothermicities are predicted for P(t-Bu)3, suggesting that it
has the largest steric effect. The dimer dissociation energy is
predicted to be within 1 kcal/mol for each neopentylphosphine
using all the functionals, except M06 and ωB97x-D.
For reaction 4, there is a wider range of ligand bond energies

depending on the functional (Table S13, Supporting
Information). This value has a factor of 2 impact on the
energy of reaction 2, so it contributes significantly to the
overall energy. The BP86, B3LYP, CAMB3LYP, HSEh1PBE,
and TPSS functionals all show binding energies between 0 and
−10 kcal/mol in C6H6 indicating exothermic binding. In
CHCl3, these five functionals show that PNp3 binds
exothermically but that P(t-Bu)2Np and P(t-Bu)Np2 have
endothermic or slightly exothermic binding (+2.1 to −2.3
kcal/mol). The ωB97x-D and M06 functionals lead to
significantly larger binding energies of −14 to −22 kcal/mol.
Thus, the latter two functionals predict smaller steric
interactions between the two ligands on (PR3)2PdCl2 than
the first five functionals. In all cases, the binding energy of the
second ligand is in the order of PNp3 > P(t-Bu)2Np > P(t-
Bu)Np2 ≫ P(t-Bu)3. P(t-Bu)3 is not predicted to bind to (P(t-
Bu)3)PdCl2 except for very weak binding in C6H6 with the
ωB97x-D and M06 functionals.
The calculated values for reaction 2 in Table 6 show that

each functional predicts the correct order for the reactivity for
the ligands in comparison to the experiment (PNp3 > P(t-
Bu)2Np > P(t-Bu)Np2 > PNp3). All the functionals predict
that the energies for reaction 2 are less exothermic or more
endothermic in CHCl3 than in C6H6. For reaction 2 energies,
the HSEh1PBE functional gave excellent agreement for PNp3,
but the energies for P(t-Bu)2Np and Pt-Bu(Np)2 were too
endothermic.
Modest errors of a few kilocalories per mole in each reaction

step can significantly affect the calculated energies for reaction
2. The calculations with the BP86, B3LYP, CAMB3LYP,
HSEh1PBE, and TPSS functionals likely overestimate the
binding energy of [(PR3)Pd(μ-Cl)Cl]2 (1) and underestimate
the binding energy of the second phosphine in (PR3)2PdCl2
(2). In contrast, the ωB97x-D and M06 functionals predict
that the dimer is strongly bound and the binding energy of the

second phosphine in (PR3)2PdCl2 is too large. The large
binding energy in reaction 4 dominates and makes the energy
of reaction 2 too negative.

■ DISCUSSION

Our group has previously hypothesized about the impact of the
conformational flexibility of neopentylphosphines, particularly
trineopentylphosphine, on catalytic performance.11d,f,12−14 The
structural analysis of these ligands reported here provides
quantitative data on the impact of these structural changes on
the steric properties of these ligands in different coordination
environments. Due to the more significant conformational
change for PNp3 compared to P(t-Bu)2Np and P(t-Bu)Np2,
the relative ordering in steric demand changes depending on
the coordination number of the metal complex. For the linear
palladium(0) complexes, solid cone angle, exact cone angle,
and %Vbur all show that the steric trend is P(t-Bu)3 < P(t-
Bu)2Np < P(t-Bu)Np2 < PNp3. This trend is consistent with
calculated steric trends based on the He8 steric parameter for
these ligands.10 In square planar palladium(II) complexes, the
ordering for these steric descriptors is P(t-Bu)3 < PNp3 ≲ P(t-
Bu)2Np < P(t-Bu)Np2. Thus, PNp3 is predicted to have the
largest steric demand in linear palladium(0) complexes and the
smallest in square planar palladium(II) complexes for the
neopentylphosphine series.
Both the solid cone angle and exact cone angle give

increasing values going from linear L2Pd (1) to square planar
L2PdCl2 (2) to [LPd(μ-Cl)Cl]2 (1) complexes with the
exception of PNp3 as noted previously. This trend is
unexpected as cone angles have been shown to decrease as
the coordination number increases.40 Although the neopentyl
group does rotate away from the metal center, the ligand
retains a significant steric impact and results in increased steric
interaction between the palladium and the tert-butyl group(s).
For example, in Pd(P(t-Bu)2Np)2 (4a), the closest Pd−C
distance for the neopentyl group is 3.604 Å and the closest tert-
butyl Pd−C distance is 3.727 Å. In 2a, the neopentyl distance
increases to 3.701 Å as the Pd−P−C-C dihedral increases, but
the Pd−P−C angle to one of the tert-butyl groups decreases,
resulting in the nearest tert-butyl carbon being closer to
palladium (3.545 Å). Overall, these changes result in an
increase in cone angle. In the case of 1a, the neopentyl (3.599
Å) and tert-butyl groups have closer contacts (3.360 Å) than in
either 2a or 4a, likely due to the shorter Pd−P bond in 1a.
Although the neopentylphosphines have larger cone angle

and buried volume values than P(t-Bu)3 based on our

Table 6. Equilibrium Constants from the Measured Equilibrium Concentrations and Experimental and Calculated Free
Energies (298 K in kcal/mol) for the Reaction of [(R3P)Pd(μ-Cl)Cl]2 and 2PR3 to Give 2(R3P)2PdCl2 (eq 2)

ligand solvent Keq (M
−1)a ΔGexpt

b BP86 B3LYP ωB97x-D M06 CAM-B3LYP HSEh1PBE TPSS

H3P C6D6 −18.8 −18.8 −18.7 −18.5 −18.8 −18.5 −18.7
P(t-Bu)3 C6D6 21.2 23.0 4.6 3.9 20.8 18.3 20.3
P(t-Bu)2Np C6D6 (2.4 ± 0.2) × 105 −7.32 ± 0.06 5.7 7.2 −19.7 −16.4 2.7 0.7 4.7
P(t-Bu)Np2 C6D6 (6.4 ± 0.4) × 103 −5.18 ± 0.04 8.2 9.2 −17.8 −14.6 4.4 3.0 7.2
PNp3 C6D6 (1.98 ± 0.08) × 106 −8.58 ± 0.03 −4.7 −3.2 −33.2 −26.7 −7.5 −8.8 −4.5
H3P CDCl3 −20.0 −20.2 −20.0 −20.0 −20.2 −20.0 −20.0
P(t-Bu)3 CDCl3 24.6 26.2 7.8 7.1 24.0 21.7 23.5
P(t-Bu)2Np CDCl3 (1.4 ± 0.2) × 104 −5.63 ± 0.07 8.7 10.2 −16.5 −13.4 5.7 3.9 7.7
P(t-Bu)Np2 CDCl3 (7.4 ± 0.2) × 102 −3.91 ± 0.02 11.2 12.0 −15.0 −11.6 7.2 6.1 10.1
PNp3 CDCl3 (9.1 ± 0.5) × 105 −8.12 ± 0.03 −2.9 −1.4 −31.4 −24.9 −5.7 −7.0 −2.7

aValue determined experimentally by 31P NMR analysis of the cleavage of dimer 1 with phosphine. bCalculated from experimentally determined
Keq value
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structural analysis (Table 4), it is not clear that they are in fact
more sterically demanding. Within the neopentyl series, the
binding equilibria (Table 6) follow the trend in steric demand
for the palladium(II) complexes. The low stability of the [(P(t-
Bu)3)Pd(μ-Cl)Cl]2 and (P(t-Bu)3)2PdCl2 complexes did not
allow us to compare the binding equilibria of P(t-Bu)3 with the
neopentylphosphines. Calculated ΔG values for this system
show that P(t-Bu)3 binding is much more endothermic than
the neopentylphosphines, suggesting that it is effectively larger.
P(t-Bu)3 is also able to enforce a three-coordinate T-shaped
structure in (P(t-Bu)3Pd(Ar)X complexes,41 whereas P(t-
Bu)2Np and PNp3 give halide-bridged dimers.11f,13,14 In
contrast, Pd−P bond lengths for (PR3)2PdCl2 complexes
2a−2c are the same as (2c) or longer than for (P(t-
Bu)2Pd(H)Cl, suggesting a similar or larger steric effect for
the neopentylphosphines. The steric bulk of P(t-Bu)3 is closer
to the phosphorus and more rigid than in the case of PNp3.
Although PNp3 may have a larger cone angle and buried
volume, this steric demand is more distant from the metal and
appears to have a less significant steric impact on the metal, at
least in some cases, than does P(t-Bu)3.
The degree of pyramidalization at a phosphorus center is

sensitive to both steric and electronic effects. Pyramidalization
at phosphorus lowers the energy of the HOMO orbital, which
is primarily the phosphorus lone pair.27a In the absence of
steric strain, highly pyramidalized structures are favored, such
as PH3 (∑H−P−H= 279°). As the substituents on phosphorus
become larger, steric repulsion requires that the Z−P−Z angles
increase, resulting in a more planar structure. Upon complex-
ation to a metal, σ donation from phosphorus depopulates the
phosphorus HOMO, resulting in a decreased pyramidaliza-
tion.6 This effect is offset by π-backbonding from the metal,
which increases pyramidalization.
Across a wide range of phosphines and metal complexes, S4′,

which is a measure of pyramidalization, has been found to
correlate negatively with cone angle and %Vbur, since larger
substituents typically result in a more planar phosphorus.6,7,40

In the neopentylphosphine series, S4′ has a strong positive
correlation with increasing cone angle and %Vbur. The key to
this behavior appears to be the that the sterically demanding
substituent is separated from the phosphorus by a methylene
spacer. The neopentyl group can exert a large steric demand,
while accommodating a more pyramidalized phosphorus. As a
result, pyramidalization as measured by S4′ and steric
parameters have a direct, rather than inverse, relationship.
In free trineopentylphosphine, the phosphorus is highly

pyramidalized because of the relatively small back-side strain of
the methylene units (Figure 8). The bulky CMe3 unit is
projected toward the front side of the phosphorus center,
where they can exert a large steric demand. When the
neopentyl groups are replaced with tert-butyl substituents (P(t-
Bu)Np2 and P(t-Bu)2NP), the larger back strain of the t-Bu
group forces the phosphorus to become more planar.
Complexation to palladium(0) to give L2Pd complexes (4)
results in little change in the phosphine conformation or the
degree of pyramidalization. The effects of the σ donation from
phosphorus and π backbonding from the metal appear to
largely cancel out.
Coordination of PNp3 to a square planar palladium(II)

center results in a significant conformation change that rotates
one neopentyl group anti to the P−Pd bond. This results in a
significant decrease in the pyramidalization of phosphorus as
the back-side strain is increased (Figure 8). The steric demand

of PNp3 is also decreased as a result. P(t-Bu)2Np and P(t-
Bu)Np2 undergo less significant conformational changes upon
coordination to a palladium(II) center, resulting in smaller
decreases in the degree of pyramidalization and changes in
steric demand. As a result, PNp3 has larger steric parameters
and is more pyramidal than P(t-Bu)2Np and P(t-Bu)Np2 as a
free ligand and when complexed to palladium(0). When
complexed to a palladium(II) center, PNp3 has similar steric
demand and pyramidalization to P(t-Bu)2Np and is smaller
and less pyramidal than P(t-Bu)Np2. The two neopentyl
substituents of P(t-Bu)Np2 are in gauche relationships to the
Pd−P bond. As a result there is less back strain than in P(t-
Bu)2Np or PNp3, allowing the phosphorus to be more
pyramidal. The neopentyl groups of P(t-Bu)Np2 still exert
significant steric demand on the coordinated metal.
Palladium-catalyzed cross-coupling reactions involve both

linear palladium(0) species (L2Pd and LPd) and square planar
or T-shaped palladium(II) complexes. In the oxidative addition
step, more sterically demanding ligands, that favor the LPd
species, provide more active catalysts. On the basis of this
trend, PNp3, which is more sterically demanding than P(t-
Bu)2Np when complexed to Pd(0), might be expected to give
a more active catalyst than P(t-Bu)2Np. In fact, the opposite is
true in a variety of cross-coupling reactions.11a,b One
interpretation of this result would be that ligand dissociation
from (PNp3)2Pd is less favorable than the analogous P(t-Bu)3
or P(t-Bu)2Np as is seen for the palladium(II) complexes. The
more distant steric bulk of the neopentyl group may be less
effective at promoting the low coordination LPd species,
compared to t-Bu-substituted phosphines. The Pd−P bond
lengths of the (PR3)2Pd complexes (4a−4c) suggest that there
is little difference in the front side strain in these complexes.
Alternatively, this trend may indicate that ligand steric effects
on the palladium(II) species on the catalytic cycle are more
important for the catalyst performance.
The PNpP3 ligand provides more effective catalysts for

cross-coupling of sterically demanding aryl bromides.11e,13 The
effectiveness of these catalyst systems appears to correlate with
the steric demand in the palladium(II) complexes on the
catalytic cycle. This result may suggest that the stability of the
resulting oxidative addition products is a more important factor
in catalyst productivity than the rate of oxidative addition. We
have observed that [(PNp3)Pd(Ar)X]2 complexes are more
stable than [(P(t-Bu)2Np)Pd(Ar)X]2 complexes, which are
more prone to arene elimination to afford catalytically inactive

Figure 8. Changes in degree of pyramidalization in neopentylphos-
phines.
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palladacyclic species.11f,13b Alternatively, the (PNp3)Pd com-
plex may be more reactive with sterically hindered aryl halides
than (P(t-Bu)2Np)Pd, despite its larger cone angle, because
the steric bulk is further from the metal and more flexible.

■ CONCLUSIONS
Analysis of the series of P(t-Bu)nNp3−n (n = 0−3) has provided
a detailed picture of the structure and steric demand of these
ligands. The structures of the free ligands and their linear
palladium(0) complexes show a consistent trend of increasing
steric demand and increasing pyramidalization as the number
of neopentyl groups is increased (P(t-Bu)3 < P(t-Bu)2Np <
P(t-Bu)2Np < PNp3). In square planar palladium(II)
complexes, the trend is P(t-Bu)3 < PNp3 < P(t-Bu)2Np <
P(t-Bu)2Np. This change in order is due to the dramatic
conformational change that PNp3 undergoes upon coordina-
tion to a square planar metal center, which results in a smaller
cone angle and decreased pyramidalization of the phosphorus.
The other neopentyl ligands do not undergo a similar
conformational change.
This study shows that care must be taken when using steric

parameters, particularly for ligands with a high degree of
conformational flexibility and those in which the steric demand
is more remote from the metal center. Steric parameters
determined for low-coordinate metal complexes, such as the
commonly used LAuCl, may overestimate steric demand for
higher coordination number complexes that may be relevant to
catalytic systems. More importantly, the relative ordering of
ligands may be inaccurate. Last, care must be taken when
considering steric parameters of ligands in which the steric
bulk has different radial distributions relative to the metal.
Although larger steric parameter values are obtained for
neopentylphosphines than P(t-Bu)3, there is evidence to
suggest that P(t-Bu)3 has a larger effective steric demand on
a metal center. This may be due to the fact that the steric
demand of a tert-butyl group is located closer to the metal
center and is more rigid than the neopentyl groups of PNp3.

■ EXPERIMENTAL SECTION
General Methods. P(t-Bu)2Np,

42 P(t-Bu)Np2,
42 PNp3,

42 and
[(P(t-Bu)2Np)Pd(μ-Cl)Cl]2

11f were prepared according to literature
procedures. (CH3CN)2PdCl2 was prepared by refluxing palladium
dichloride in acetonitrile and was freshly prepared as needed. Toluene
was dried and deoxygenated by refluxing over sodium and distilling
under nitrogen. Methylene chloride was distilled over CaH2 and
deoxygenated under a vacuum. C6D6 and CDCl3 were deoxygenated
under a vacuum. All other solvents and reagents were used as
received.
General Method for the Synthesis of [(R3P)Pd(μ-Cl)Cl]2. In a

glovebox, (CH3CN)2PdCl2 (1 equiv) and R3P (0.8 equiv) were added
to an oven-dried flask. The flask was sealed and removed from the
drybox. Anhydrous toluene (2 mL) and anhydrous methylene
chloride (1 mL) were added to the reaction flask via syringe under
N2 flow. The reaction was stirred under N2(g) at ambient temperature
overnight. The crude reaction mixture was exposed to air and filtered
over a plug of Celite to remove any undissolved solids. The solvent
was removed under reduced pressure to yield the product as a solid.
In some cases, the product was further purified via recrystallization
from hot hexanes.
[(P(t-Bu)Np2)Pd(μ-Cl)Cl]2 (1b). (CH3CN)2PdCl2 (50 mg, 0.2

mmol) and P(t-Bu)Np2 (37 mg, 0.16 mmol) were reacted following
the general method. Product was purified via recrystallization from
hexanes to yield 40 mg (61%) of the product as a red-orange
crystalline solid. 1H NMR (500 MHz, CDCl3): δ 2.22 (dd, J = 13.0,
15.0 Hz, 4H), 1.84 (dd, J = 13.0, 15.0 Hz, 4H) 1.44 (d, JP−H = 15.6

Hz, 18H), 1.44 (s, 36H). 13C NMR (125 MHz, CDCl3): δ 40.5 (d,
JP−C = 21.2 Hz), 35.6 (d, JP−C = 23.4 Hz), 33.5 (d, JP−C = 6.7 Hz),
31.7 (d, JP−C = 4.2 Hz), 29.0 (d, JP−C = 2.7 Hz). 31P{1H} NMR (MHz,
CDCl3): δ 49.59 (s). Anal. Calcd for C28H62Cl4P2Pd2: C, 41.24; H,
7.26; Cl, 17.39. Found: C, 41.07; H, 7.56; Cl, 17.51.

[(PNp3)Pd(μ-Cl)Cl]2 (1c).
43 (CH3CN)2PdCl2 (100 mg, 0.4 mmol)

and PNp3 (76 mg, 0.3 mmol) were reacted following the general
method to yield 121 mg (93%) of the product as an orange solid. 1H
NMR (500 MHz, C6D6): δ 1.68 (d, JP−H = 13.2 Hz, 12H), 0.95 (s,
54H). 13C NMR (125 MHz, CDCl3): δ 38.7 (d, JP−C = 24.9 Hz), 33.2
(d, JP−C = 6.7 Hz), 32.7 (d, JP−C = 5.1 Hz). 31P{1H} NMR (MHz,
CDCl3): δ 26.54 (s). Anal. Calcd for C30H66Cl4P2Pd2: C, 42.72; H,
7.89; Cl, 16.81. Found: C, 43.00; H, 8.04; Cl, 17.09.

General Method for the Synthesis of (R3P)2PdCl2. In a
glovebox, (CH3CN)2PdCl2 (1 equiv) and R3P (2 equiv) were added
to an oven-dried flask. The flask was sealed and removed from the
drybox. Anhydrous toluene (2−3 mL) was added to the reaction flask
via syringe under N2 flow. The reaction was stirred under N2 at
ambient temperature overnight. The crude reaction mixture was
exposed to air and filtered over Celite to remove any undissolved
solids. The solvent was removed under reduced pressure to yield the
product as a solid. In some cases, the product was further purified via
recrystallization from hot hexanes.

(P(t-Bu)2Np)2PdCl2 (2a).
11c (CH3CN)2PdCl2 (50 mg, 0.2 mmol)

and P(t-Bu)2Np (103 μL, 0.4 mmol) were reacted following the
general method to yield 100.1 mg (82%) of the product as a yellow
solid. 1H NMR (500 MHz, C6D6): δ 1.96 (m, 4H), 1.29 (vt, JP−H =
6.4 Hz, 36H), 1.17 (s, 18H). 13C NMR (125 MHz, C6D6): δ 37.1 (t,
JP−C = 6.7 Hz), 33.5 (br), 31.3, 31.1, 30.4 (t, JP−C = 4.5 Hz). 31P{1H}
NMR (MHz, C6D6): δ 43.6. Anal. Calcd for C26H58Cl2P2Pd: C,
51.19; H, 9.58; Cl, 11.62. Found: C, 50.73; H, 9.50; Cl, 11.89.

(P(t-Bu)Np2)2PdCl2 (2b). (CH3CN)2PdCl2 (50 mg, 0.2 mmol)
and P(t-Bu)Np2 (92 mg, 0.4 mmol) were reacted following the
general method. The crude mixture was purified via recrystallization
from hexanes to yield 73 mg (57%) of the product as a yellow
crystalline solid. 1H NMR (500 MHz, C6D6): δ 2.35 (m, 4H), 1.88
(m, 4H), 1.43 (m, 54H). 13C NMR (125 MHz, C6D6): δ 38.8 (t, JP−C
= 7.0 Hz), 34.3 (t, JP−C = 9.8 Hz), 33.6, 31.8, 29.6. 31P{1H} NMR
(MHz, C6D6): δ 24.6. Anal. Calcd for C28H62Cl2P2Pd: C, 52.71; H,
9.79; Cl, 11.11. Found: C, 52.98; H, 9.81; Cl, 10.79.

(PNp3)2PdCl2 (2c).43 (CH3CN)2PdCl2 (50 mg, 0.2 mmol) and
PNp3 (98 mg, 0.4 mmol) were reacted following the general method
to yield 97.9 mg (73%) of the product as a yellow solid. 1H NMR
(500 MHz, CDCl3): δ 2.20 (t, JP−H = 3.6 Hz, 12H), 1.26 (s, 54H).
13C NMR (125 MHz, CDCl3): δ 37.3 (t, JP−C = 9.4 Hz), 33.1 (t, JP−C
= 2.8 Hz), 32.5. 31P{1H} NMR (202.5 MHz, CDCl3): δ 3.2. Anal.
Calcd for C30H66Cl2P2Pd: C, 54.09; H, 9.99; Cl, 10.64. Found: C,
54.52; H, 10.20; Cl, 10.29.

Synthesis of (P(t-Bu)Np2)PdCl2(4-picoline) (3b). Compound
1b (70 mg, 0.09 mmol) was added to a vial and dissolved in 1 mL of
DCM to give an orange solution. 4-Picoline (17 μL, 0.18 mmol) was
added to the solution, and an immediate color change to yellow was
observed. Conversion to product was determined by 31P NMR
spectroscopy. X-ray quality crystals were obtained by cooling a
concentrated solution of product in DCM with an excess of 4-picoline
(10 equiv). Proton and phosphorus NMR spectra were obtained by
dissolving a crystal in CDCl3.

1H NMR (500 MHz, CDCl3): δ 8.92
(m, 2H), 6.34 (d, J = 5.8 Hz, 2H), 2.55 (dd, J = 15.0 Hz, 12.2 Hz,
2H), 1.79 (dd, J = 14.8 Hz, 12.8 Hz, 2H), 1.67 (s, 18H), 1.57 (d, J =
14 Hz, 9H), 1.57 (s, 3H). 31P{1H} NMR (202.5 MHz, CDCl3): δ
36.1.

General Method for 31P NMR Spectroscopy Equilibrium
Experiments. All solutions were prepared in the drybox in oven-
dried volumetric glassware. For all experiments, standard solutions of
known concentration were first prepared for each component of the
mixture. Trimethyl phosphate was used as an internal standard. For all
experiments, a 0.13 M solution of trimethyl phosphate was freshly
prepared by adding 15 μL of trimethyl phosphate to a 1 mL
volumetric flask and was diluted to the mark with corresponding
solvent (CDCl3 or C6D6). In all experiments, a 0.026 M solution of
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[(R3P)Pd(μ-Cl)Cl]2 was prepared. For experiments using P(t-
Bu)2Np and PNp3 1 M solutions of free ligand were prepared. And
for experiments using P(t-Bu)Np2, 0.1 M solutions were prepared. For
all experiments, 100 μL of 0.13 M trimethyl phosphate and 500 μL of
0.026 M [(R3P)Pd(μ-Cl)Cl]2 were first added to an empty 1 mL
volumetric flask. For each set of experiments, four solutions were
prepared with constant initial concentrations of trimethyl phosphate
and [(R3P)Pd(μ-Cl)Cl]2 and varied initial concentrations of free
ligand (Table S2, Supporting Information). The resulting solutions
analyzed by 31P{1H} NMR using an inverse-gated, proton-phosphorus
decoupled pulse program setting the delay time to 3 × T1 for each
ligand. Inversion recovery experiments were used for each ligand to
determine the 31P T1 value as described in the Supporting
Information (Table S1).
Computational Methods. The geometries were optimized at the

density functional level44 with two different functionals, BP8622 and
SVWN5.23 The calculations used the DZVP245 basis set for the first
and second row atoms (H, C, N, P) and the pseudopotential (PP)
based aug-cc-pVDZ-PP correlation-consistent basis set for Pd.46

Vibrational frequencies were calculated to ensure that the optimized
structures were minima. Additional single point calculation using the
same basis sets and BP86 optimized geometries were done using the
B3LYP exchange-correlation functional,34 M06,37 ωB97xD,35 CAM-
B3LYP,36 and HSEh1PBE.39 The gas phase calculations were
performed using the Gaussian 09 program system.47 Calculations in
CHCl3 (ε = 4.71), C6H6 (ε = 2.27), THF (ε = 7.43), and DMSO (ε =
46.83) solutions were performed using a self-consistent reaction field
approach (SCRF)48 with the COSMO parameters49 using Gaussian
03.50 The Gibbs free energy in solution (ΔGsol) at 298 K was
calculated from eq 5:

G G Gsol gas solvΔ = Δ + Δ (5)

where ΔGgas is the gas phase free energy at 298 K and ΔGsolv is the
solvation free energy at 298 K. The solvation energy is the
electrostatic term (polarized solute − solvent). The SVWN5
geometries were used to predict the 31P NMR chemical shifts in
the gas phase and in CHCl3 solvent using the ADF program system51

with the BP86 as a functional and the TZ2P basis sets implemented in
ADF using the GIAO approach.52 Scalar relativistic effects were
included at the two-component zero-order regular approximation
(ZORA) level for the NMR calculations.53 The 31P NMR chemical
shifts are reported relative to H3PO4 as standard calculated at the
same level.
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