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ABSTRACT: A series of [(PNp;)Pd(Ar)Br], complexes (PNp; =
trineopentylphosphine, Ar = 4-tolyl, 4-tert-butylphenyl, 2-tolyl, 4-methoxy-2-

methylphenyl, 2-isopropylphenyl, and 2,6-dimethylphenyl) were synthesized . /\P,Pd:B;Pd —2 i’
and structurally characterized by X-ray crystallography and density functional ¢ <'/,BL N #Bu” P B
theory optimized structures. The trineopentylphosphine ligand is able to #Bu ' B

accommodate coordination of other sterically demanding ligands through
changes in its conformation. These conformational changes can be seen in
changes in percent buried volume of the PNp; ligand. The binding equilibria
of the [(PNp;)Pd(Ar)Br], complexes with pyridine derivatives were
determined experimentally and analyzed computationally. The binding
equilibria are sensitive to the steric demand of the pyridine ligand and less
sensitive to the steric demand of the aryl ligand on palladium. In contrast to

K: pyridine > 2-picoline > 2,6-lutidine
4-tolyl > 2-tolyl = 2-iPrC¢H,4 > 2,6-Me,CgH3

previous studies, the binding equilibria do not correlate with pyridine basicity.
The binding equilibria results are relevant to fundamental ligand coordination steps in cross-coupling reactions, such as

Buchwald—Hartwig aminations.

B INTRODUCTION

Oxidative addition of aryl halides to palladium(0) to afford
L,Pd(Ar)X complexes is a fundamental step in all palladium-
catalyzed cross-coupling reactions. With less reactive sub-
strates, such as aryl chlorides and sulfonates, this step is often
rate limiting. Significant effort has been devoted to the
development of ligands affording highly active catalysts capable
of promoting cross-coupling of challenging substrates. Steri-
cally demanding, electron-rich ligands, such as dialkylbiar-
ylphosphines,"  trialkylphosphines,” bis(dialkylphosphine) li-
gands,” and N-heterocyclic carbenes,” are particularly useful in
promoting these reactions. The strong electron-donating
ability of these ligands promotes the oxidative addition step.
Sterically demanding ligands promote transient low-coordinate
LPd(0) species that are highly reactive toward oxidative
addition. In addition, sterically demanding ligands can promote
reductive elimination in cases where that is the rate limiting
step.

Commonly used sterically demanding, electron-rich ligands,
such as P(t-Bu);, Buchwald-type ligands (S-Phos, RuPhos, X-
Phos), and NHCs (IPr, IMes), have relatively rigid structures
with fixed steric demand. Sterically demanding ligands can
limit the ability of complexes to couple sterically demanding
substrates. For example, commonly used catalyst systems based
on tri-tert-butylphosphine (P(t-Bu);) or S-phos give low yields
in the coupling of 2,6-disubstituted anilines and 2,6-
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disubstituted aryl bromides.” Whereas simple palladium/
phosphine precatalysts are often ineffective for coupling of
hindered aryl halides and amines, NHC-palladium precata-
Iysts,6 phosphatrane/palladium complexes,7 and diketiminate
complexes® are effective for sterically demanding substrates.

Our group has explored neopentylphosphines in palladium-
catalyzed cross-coupling reactions. Catalysts derived from
di(tert-butyl)neopentylphosphines ((t-Bu),PNp) are effective
for cross-coupling of aryl bromides and chlorides with a variety
of nucleophilic coupling partners.” The (t-Bu),PNp ligand has
limited flexibility, and catalysts derived from it generally give
low conversion with sterically demanding substrates. In
contrast, trineopentylphosphine (PNp;) is able to tolerate
sterically demanding substrates to afford high yields in
couplings with amines, arylboronic acids, and ketones.”*'’
We have hypothesized that the conformational flexibility of
PNp; shown in solid state structures allows it to accommodate
sterically demanding substrates. A kinetic study of the oxidative
addition of aryl bromides to Pd(PNp,), showed that the
reaction rate is unaffected by the steric effects of the aryl
bromide."’

To gain a better understanding of the ability of PNp; to
facilitate coupling of sterically demanding substrates, we sought
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to prepare and characterize a series of [(PNp,;)Pd(Ar)Br],
complexes where the aryl group would have zero, one, or two
ortho substituents. Examples of isolated and structurally
characterized palladium complexes with 2,6-disubstituted aryl
substituents are rare in the literature.'* Successful isolation of
products of oxidative addition of 2,6-disubstituted aryl halides
to triphenylphosphine'® and tri(ortho-tolyl)phosphine'* palla-
dium complexes have been reported, but no examples had
been structurally characterized prior to our work in this area.

We have previously reported the synthesis of 2-tolyl and 2,6-
dimethylphenyl palladium complexes with PNp; as the
supporting ligand."”"" Herein, we report additional examples
of [(Np;P)Pd(Ar)Br], complexes and provide a more detailed
structural and computational analysis of these complexes. We
also report an experimental and computational study of the
dimer cleavage reaction of [(PNp;)Pd(Ar)Br], with pyridine
derivatives having varied steric demand to afford (PNp;)Pd-
(Ar)(pyridine)Br complexes as well as synthesis of (PNp;)-
Pd(Ar)amine complexes relevant to Buchwald—Hartwig
amination reactions.

B RESULTS AND DISCUSSION

Synthesis of Aryl Palladium Dimers and Solid State
Geometry. Halide bridged aryl palladium complexes of the
formula [(PNp,)Pd(Ar)Br], (Ar = 4-tolyl (3a), 4-tert-
butylphenyl (3b), 2-tolyl (3c), 4-methoxy-2-methylphenyl
(3d), and 2-isopropylphenyl (3e)) were synthesized from the
oxidative addition of the corresponding aryl bromide (2a—2e)
to Pd(PNp;), (1) in toluene at 70 °C (eq 1). Complex 3f

PNpg
NpsP-Pd-PNps + ArBr — = 05 " L0 (1)

1 2a-e foluene Br Pld-Ar
70°C, 12 h PNps

2a: 4-MeCgH, 3a: 70%

2b: 4-t+BuCgH, 3b: 94%

2c: 2-MeCgH, 3c: 89%

2d: 2-iPrCgH, 3d: 65%

2e: 2-Me-4-OMeCgH3 3e: 85%

cannot be prepared by oxidative addition to 1 and was
prepared by the reaction of (COD)Pd(CH,TMS), with 2f and
PNp,.'" The syntheses of 3b,'’ 3¢,'” and 3f'' have been
previously reported by us. Newly reported complexes 3a, 3d,
and 3e were obtained in 65—80% isolated yield as air-stable
solids. In solution, the complexes exist as equilibrium mixtures
of stereoisomers. For example, complex 3a gives two
resonances in the *'P NMR spectrum in a 7.7:1 ratio in
C¢Dg due to trans and cis dimeric structures. Complexes 3d
and 3e give four resonances due to trans and cis dimeric
structures and anti and syn relationships between the ortho
substituents.'” Crystal structures of complexes 3b (Supporting

Br 2f
PNpg

—TMS N b
(COD)Pd — s o5 Fd-Br @
\_TMms pentane, rt BrPd
NpsP

3f (80%)

Information, Figure $24),"° 3¢ (Figure $25),'" and 3f (Figure
$26)"" have been previously reported by us. X-ray quality
crystals of 3a and 3e were grown by slow evaporation in a
mixture of methylene chloride and heptane at 22 °C. Complex
3a (Figure 1) crystallized with two molecules in the
asymmetric unit. One molecule (Figure 1) has a planar halide

Figure 1. Thermal ellipsoid plot (50% probability) of the planar
molecular structure of 3a. Hydrogen atoms and disorder are omitted
for clarity.

bridged dimer structure with inversion symmetry relating the
two (PNp;)Pd(4-C4H,Me)Br units similar to that seen in
complexes 3b—3f. The other molecule (Figure S20, Support-
ing Information) in the asymmetric unit has a butterfly
geometry in which the angle between the two palladium square
planes is 148.1°. Palladium dimer 3e crystallized as a
symmetric planar halide-bridged dimer with similar structural
features to the previously reported 3b, 3¢, and 3f (Figure 2).

Figure 2. Thermal ellipsoid plot (50% probability) of the molecular
structure of 3e. Hydrogen atoms are omitted for clarity.

Structural Comparison of Solid State Structures of
[(PNps)Pd(Ar)Brl,. Comparison of the palladium—ligand
bond lengths shows how increasing steric demand of the aryl
ligand affects bonding to the palladium center (Table 1). The
Pd—C bond lengths for structures 3a—3f show no statistically
significant difference as ortho substituents are added. The
increased steric demand of the aryl ligand does have a small
but statistically significant effect on the Pd—P bond distance,
however. The Pd—P bond distances are 2.248(1) and 2.245(1)
A for 3a and 3b, respectively, whereas the ortho-substituted
compounds (3¢, 3e, and 3f) have longer Pd—P bond lengths
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(2.266(3)—2.282(2) A). The Pd—Br bonds were similar for all
of the complexes. The Pd—Br1 bond is longer than Pd—Br2 for
each of the complexes due to the stronger trans effect of the
aryl substituent compared to the phosphine. Comparison of
the PNp, complexes with [(Et;P)Pd(4-tolyl)Cl], (4) shows a
similar trend. The Pd—C bond for 4 is the same as those seen
with complexes 3a—3f. The smaller PEt; ligand has a shorter
Pd—P bond length (2.219 A) compared to 3a (2.248 A),
indicating the increased steric effect of the neopentyl
substituents compared to ethyl.

The bond angles around the palladium center show more
variation as a result of an increased steric demand due to the
aryl ligand (Table 1). For complexes 3a and 3b with para-
substituted aryl ligands, the angles around palladium are all
close to 90° as expected in a square planar geometry. The
values for 3b are similar to that of the PEt; complex (4). For
the complexes with ortho-substituted aryl ligands, the square
planar geometry is distorted to accommodate the bulky PNp;
and aryl ligands. In each case (3¢, 3e, 3f), the Br1—Pd—P angle
is significantly increased (97.5-98.5°). In complexes 3¢ and
3e, the C,,—Pd—P angle decreases by approximately 2° as does
the Br2—Pd—C,, angle. The 2,6-dimethylphenyl complex (3f)
has a larger C,,—Pd—P angle than 3c or 3e due to increased
steric repulsion, which results in smaller Br2—Pd—C,, and
Br1—Pd—Br2 angles (85.52, 86.68°). The overall effect is that
ortho substituents cause the PNp; and aryl ligands to move
away from Brl and toward Br2 in the square plane.

Compared to commonly used sterically demanding
trialkylphosphines, such as tri-(tert-butyl)phosphine, trineo-
pentylphosphine has a higher degree of conformational
flexibility. This flexibility can be seen in the conformation
changes of the PNp; coordinated to metal centers with
different coordination numbers. In the two-coordinate Pd-
(PNp;), complex, the neopentyl groups adopts a Cj
symmetrical conformation in which the substituents are
oriented toward the metal center with small Pd—P—C-C
dihedral angles (34°)."" In contrast, when PNps; is coordinated
to four-coordinate metal centers, as in the case of complexes
3a—3f, the neopentyl groups adopt a conformation in which
one neopentyl group is approximately anti to the Pd—P bond.
The other two neopentyl substituents adopt pseudogauche
conformations relative to the Pd—P bond and are positioned
above and below the Pd,Br, plane. The trineopentylphosphine
confl(;rmation is similar to that seen in [(Et,P)Pd(4-tolyl)Cl],
(4).

The conformation of the PNp; ligand in the [(PNps)-
PdArBr], complexes is affected by the presence of ortho-
substituents on the aryl ligand (Figure 3). When the aryl group
has no ortho substituents (3a and 3b), the PNpj; ligand adopts
a conformation with pseudomirror plane symmetry in which
one neopentyl substituent (C1) is nearly eclipsed with the Pd—
Cy bond (C1-P—Pd—C,, = 4.93 (3a), 6.94 (3b); Table 1)
and has an anti relationship to the Pd—P bond (Pd—P—C1-C
177—180°). The other two neopentyl groups are oriented
above and below the palladium square plane with roughly
gauche relationships to the Pd—P bond (Pd—P—C-C = 50—
56°). The anti-neopentyl substituent (C1) repels the other two
neopentyl substituents, resulting in large C1-P—C2 and C1—
P—C3 angles (107.9—108.8°). As a result, the C2—P—C3 angle
is much smaller (99.2° (3a), 100.6° (3b)). In contrast, the C—
P—C angles of the PEt; ligand in 4 are all similar (104—105°).
The P—C—C bond angle for all three neopentyl groups are
significantly expanded (122—127°) with the anti-neopentyl

pseudo-miror plane symmetry

pseudo-C3 symmetry

Figure 3. Trineopentyl conformations observed for 3a—3f.
Pseudomirror plane (3a, 3b) and pseudo-C; (propeller type, 3¢, 3e,
and 3f).

group having the largest P—=C—C bond angle. These values are
considerable larger than the P—C—C angles for the ethyl
substituents in 4 (112—116°).

When ortho substituents are present on the aryl ligand, the
PNp; ligand adopts a pseudo-C; propeller-type geometry
(Figure 3). In the case of 3c with a 2-tolyl ligand, the
phosphine rotates to move the Cl1 neopentyl substituent
toward the methyl substituent on the 2-tolyl ligand (C1—P—
Pd—C,, = 30.2°). The Pd—P—C1—C dihedral angle decreases
to 152.48°, consistent with the neopentyl group rotating away
from the ortho methyl and toward the face of the arene. The
C2 neopentyl has a larger Pd—P—C2—C dihedral angle (72°)
to accommodate the C1 neopentyl group. The dihedral angle
for the C3 neopentyl group is similar to that in 3a and 3b. The
C1—P—C2 angle (108.4°) for 3c s still larger than the C2—P—
C3 (104.4°) and C3-P—C1 (104.8°) angles, but the
difference is smaller than for 3a and 3b. The P—C1—C angle
is again the largest (129°) in 3c, but the P—C3—C angle is also
expanded (124°) in response to the strain on this substituent.
Complex 3e gives similar structural parameters.

The PNp; ligand in the 2,6-dimethylphenyl complex (3f)
adopts a similar pseudo-C; conformation to that seen in the
complexes with mono-ortho-substituted aryl ligands (3c and
3e). The dihedral angle between the aryl ligand and the C1
neopentyl group (14.86°) is smaller than in 3c but larger than
3a or 3b. Like 3¢, the C1 neopentyl group in 3f is not
completely anti (Pd—P—C1—C = 163.9°) to the Pd—P bond.
The dihedral angle for the C2 neopentyl substituent (60.9°) is
larger than for the C3 neopentyl group, although not as large as
observed for 3¢ or 3e. To accommodate the larger aryl ligand,
the P—C1—C3 and P—C2—C3 angles are smaller (101.6°) in
3f than in 3c (104°). As a result, the PNp; ligand is more
pyramidalized than in the other complexes (Zc_p_c: 3a =
315.9°, 3b = 317.7°, 3c = 317.6° 3e, 316.9°, 3f = 311.84°).
The two neopentyl substituents projected toward the
palladium center have larger P—C2—C and P—C3—C angles
than in 3a—3e to accommodate the additional strain.

The most notable evidence of the steric strain experienced
by the PNp; ligand is the expanded P—C—C bond angles in
the neopentyl substituents, particularly the anti-oriented
neopentyl (P—C1—C). Complex 3f has the largest P-C1-C
value of 128.7°. The bond angles at the neopentyl methylene
carbons are among the largest reported in the literature for a
tetravalent carbon. Examples of molecules with comparable
bond angles at a methylene carbon include di(tert-butyl)-
methane (121—-128°)"7 and CH,(SF;), (126°)."*

These conformational changes have a noticeable effect on
the steric demand of the PNp; ligand as measured by the
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Figure 4. Steric contour maps obtained from the SambVca 2.0 Web Application.'® The metal is at the center of a sphere with a radius of 3.5 A.
Positive values (yellow-red) reflect substituents projecting into the lower hemisphere past the metal. (a) 3a, (b) 3¢, (c) 3f.

percent buried volume (%V;,). The %V;, parameter calculated
using the SambVca 2.0 Web Application'® was determined
from the solid state structures of 3a, 3b, 3¢, 3¢, and 3f, as well
as previously reported complex 4 (Table 1). In Pd-
(PNp;),Pd,' in which the neopentyl substituents all point
toward the metal center, the %V, is 42.3%. This value
decreases in complexes 3a (36.3%) and 3b (37.4%) as the
PNp; conformation changes. The addition of ortho-methyl
substituents in 3¢ (34.7%), 3e (34.3%), and 3f (32.3%) results
in a further decrease in the buried volume as the ligand is
repelled away from the aryl ligands.

The decrease in buried volume for the ligands appears to
result from a combination of structural changes. As ortho
substituents are added to the aryl ligand, the sum of the P—
C2—C and P—C3—C angles increases (3a, 245.5% 3c, 246.5°%
3f, 252.1°). In the case of 3f, there is also a significant increase
in the pyramidalization at phosphorus, although 3¢ and 3e
have similar X-_p_c angles to 3a and 3b. These structural
changes have the effect of moving the —C(CHj;); group away
from the metal center, particularly for 3f. Steric contour maps
for complexes 3a, 3¢, and 3f show that the neopentyl methyl
groups closest to the metal center, for example, C2 and C56 in
3a, move away from the metal center and have a decreased
steric impact as the steric demand of the aryl ligand increases
(Figure 4).

Bromide Bridge Cleavage by Pyridines. Cleavage of the
halide-bridged palladium aryl complexes by nucleophilic
ligands is anticipated to be a key step in cross-coupling
reactions with sterically demanding monodentate ligands. For
example, in the Buchwald—Hartwig amination, the amine
nucleophile cleaves the dimer to give an amine adduct that is
deprotonated, leading to the coupled product.'* The
mechanism of the cleavage of square planar, halide bridged
palladium and platinum complexes with amine'® and alkene’
ligands has been studied. Kinetic studies are consistent with an
associative mechanism with a competitive solvent-mediated
pathway. As expected for an associative process, steric demand
of the incoming ligand decreases the rate of the dimer cleavage
reaction.'”® In contrast, binding equilibria are more dependent
on the basicity of the incoming ligand. In the cleavage of
[(PryP)PdL,], with pyridine derivatives, 2,6-lutidine gave a
higher equilibrium constant (2670) than pyridine (596)
presumably due to the high basicity of lutidine.'”” In studying
the mechanism of the Pd/PNp;-catalyzed amination reaction,
we found that aniline gave no observable reaction with
palladium dimers 3b and 3c.'" We therefore sought to use
more strongly coordinating nitrogen ligands to analyze this

reaction and the effect of the steric demand of the aryl ligand

on ligand binding.

Complexes 3a, 3¢, 3d, and 3f were reacted with pyridine
(5a), 2-picoline (6b), and 2,6-lutidine (5¢c) in CD,Cl, (eq 3).

AP PN
Ar-Pd-Br N K | P
i +2 | 2 Ar-Pd-Br (3)
BrPd-Ar ™ |
b N, CDCl N
3 P3 5 n (/]
3a: Ar = 4-Me CgHy 5a:R, = H et
3c: Ar = 2-MeCgH, 5b: R, = 2-Me 6

3d: Ar = 2-Me-4-MeOC¢H3 5c¢: R, = 2,6-Me,
3f: Ar = 2,6-Me,CgHj3

6 3 5 6 3 5
6aa 3a b5a 6da 3d b5a
6ab 3a 5b 6db 3d 5b
6ac 3a 5¢c 6dc 3d 5¢
6ca 3c 5a 6fa 3f ba
6cb 3c 5b 6fb 3f 5b
6cc 3c 5¢c 6fc 3f 5c

Upon the addition of the pyridine derivative, a new peak was
observed by *'P NMR spectroscopy located upfield of the
halide-bridged dimer corresponding to the pyridine adduct
(6). In the majority of cases, incomplete conversion to the
pyridine adduct was observed. For each combination, the
reactions reached equilibrium by the time the samples could be
analyzed (<S min) and the relative concentrations of 3, 5, and
6 did not change over time. In most cases, a single pyridine
adduct was observed by *'P NMR spectroscopy. When
complex 3a was reacted with 2-picoline, two new resonances
were observed by *'P NMR spectroscopy in a 4:1 ratio. Both
peaks were in the region where the other pyridine adducts
were observed. We hypothesize that these peaks may indicate
the presence of two stereoisomers of 6ab in solution. For
combinations with larger equilibrium constants, it was possible
to crystallize the adducts. X-ray quality crystals of 6aa, 6ca,
6da, and 6db were grown by slow evaporation of methylene
chloride solutions containing excess pyridine (Figure S and
§27—529). In each case, the pyridine adduct is a monopalla-
dium complex with the pyridine ring coordinated cis to the aryl
group and trans to the phosphine. This geometry places the
weakest trans-effect ligand (Br) trans to the strongest (aryl).
This stereochemistry suggests a potential isomerization during
the cleavage reaction. In the dimer, the Br frans to the aryl
ligand has a longer Pd—Br bond and would be expected to be
more easily cleaved. The resulting product with pyridine trans
to the aryl ligand would not be expected to be thermodynami-
cally preferred, however. The observation of two *'P NMR
resonances for 6ab suggests that both stereoisomers may exist
in equilibrium in solution.
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Figure 5. Thermal ellipsoid plot (50% probability) of the molecular
structure of 6db. Hydrogen atoms and disorder are omitted for clarity.

Both the aryl and pyridine ligand are approximately
perpendicular to the palladium square plane. The structures
of the pyridine complexes are similar to the corresponding
halide-bridged dimer (Table S10). In complexes 3 and 6, the
P—Pd—Br angle is the largest angle between the cis ligands and
becomes larger when the aryl ligand has an ortho substituent.
The bond angles for the neopentyl ligands in 3a (Ar = 4-tolyl)
and 6aa (Ar = 4-tolyl, L = pyridine) or in 3¢ (Ar = 2-tolyl) and
6ca (Ar = 2-tolyl, L = 2-picoline) are very similar to each other.
This result suggests that the aryl substituent cis to PNp; plays
the largest role in determining the conformation of the
phosphine, whereas the trans ligand does not have a significant
effect on the PNp; conformation. A comparison of 6da and
6db where the aryl group (2-isopropylphenyl) is the same but
the trans pyridine group is different (6da = pyridine, 6db = 2-
picoline) again shows qualitatively similar structures. The main
difference is that the C,,—Pd—P—C1 dihedral angle for 6da
(17.0°) is significantly smaller than for 6db (34.12°). The
additional rotation of the PNp; ligand in 6db is likely due to
repulsion between the ortho-methyl group on 2-picoline and
the C2 neopentyl group of the phosphine. The limited effect of
the pyridine ligands on the PNp; ligand can also be seen in the
%V, values. The values for the pyridine adducts (6) are nearly
identical to those for the halide dimers (3). For example, 4-
tolyl complex 3a and its pyridine adduct (6aa) have the same
%V, value of 36.3%. Notably, the identity of the ortho
substituent on the aryl ligand (methyl vs isopropyl) does not
affect the buried volume (6ca (33.9%) vs 6da (33.9%)).
Changing the pyridine ligand from pyridine to 2-picoline in
6da (33.9%) and 6db (34.4%) also has little effect on the
buried volume.

In an attempt to isolate complex 6fa by crystallization from a
solution of methylene chloride and excess pyridine,

(pyridine),Pd(2,6-Me,C4H;)Br (7) was isolated instead of
complex 6fa. A similar product is formed when ((t-Bu),P)Pd-
(2-tol)Br is reacted with pyridine.” X-ray quality crystals of 7
were obtained, which allowed the structure to be confirmed as
the trans-dipyridine complex (Figure S31). Observation of the
reaction of complexes 3a, 3¢, and 3d with excess pyridine by
*'P NMR spectroscopy showed no evidence of displacement of
PNp; by a second equivalent of pyridine. The decreased steric
demand of PNp; compared to P(t-Bu), likely results in a
tighter coordination to palladium, preventing displacement by
pyridine. The sterically demanding 2,6-dimethylphenyl ligand
increases the lability of PNp;, however, resulting in slow
displacement of the phosphine in this case.

Steric Effects on the Cleavage Equilibrium. The effect
of both the steric demand of the incoming pyridine ligand and
the aryl ligand on the equilibrium constant could be evaluated
independently in this study. For each of the dimer complexes
(3), increasing steric hindrance of the pyridine resulted in a
significant decrease in the binding equilibrium constant (Table
2). For example, complex 3a with a sterically undemanding 4-
tolyl aryl group reacted stoichiometrically with pyridine at all
Pd/pyridine ratios. When complex 3a was reacted with 2-
picoline, the equilibrium constant was 3.8 X 10% which
corresponds to at least a 2 orders of magnitude decrease in K.
The equilibrium constant for 2,6-lutidine (5.8, 6ac) was
approximately 2 orders of magnitude less than for 2-picoline
(6ab). Complexes 3c, 3d, and 3f showed similar trends. The
2,6-lutidine complex could not be observed for these
complexes even at high lutidine/Pd ratios. Whereas our results
show that the steric demand of the pyridine derivative has a
significant effect on the binding equilibria, prior studies with
[(Pr,P)PdL,], showed that the increased basicity of 2,6-
lutidine compared to pyridine resulted in a larger equilibrium
constant.’”” Presumably, steric effects dominate in complexes
3a—3f with the more sterically hindered PNp; and aryl ligands.

The steric demand of the aryl ligand also affects the
equilibrium constant, although generally to a smaller extent.
For all three pyridine derivatives, complex 3a had a larger
equilibrium constant than the complexes with ortho-substitu-
ents. With pyridine, the number or size of the ortho-substituent
did not significantly impact the equilibrium constant, with 3c,
3d, and 3f all giving similar values. With the more hindered 2-
picoline, the number of ortho substituents did have a larger
effect. The equilibrium constant for 3a was 1 order of
magnitude higher than that of the mono ortho-substituted
complexes (3¢ and 3d). The di-ortho-substituted complex 3f
had an equilibrium constant that was 3 orders of magnitude
lower than that of 3c or 3d. In the case of 2,6-lutidine, only the
unhindered complex 3a was able to form an observable
amount of adduct.

As noted above, complex 3f is converted to a bis(pyridine)
complex upon exposure to excess pyridine over an extended
period. To ensure that this process did not affect the
equilibrium values measured for 3f, the rate of this process

Table 2. Equilibrium Constants (K) for the Reaction of 3 with Pyridine Derivatives to Afford 6°

S 3a 3c
pyridine >1 x 10*(6aa)” 1.9 + 0.5 X 10® (6ca)
2-picoline 3.8 + 0.2 X 10*(6ab) 15 + S (6¢b)

2,6-lutidine 5.8 + 0.8 (6ac)

<1 X 1073(6¢cc)”

3f
12 + 0.3 x 10? (6fa)
8.6 + 3 X 107* (6fb)
<1 x 1073(6 fc)©

3d
4.6 + 2.4 X 10* (6da)
13 + 0.6 (6db)
<1 x 1073(6dc)”

“K = [6)*/([3][5]*) ©100% conversion to pyridine adduct was observed at all pyridine concentrations. “No lutidine adduct was observed.
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was followed by *'P NMR spectroscopy. Complex 3f (3.5
mM) was treated with pyridine (35 mM) in CH,Cl, at room
temperature. Immediately after the addition of pyridine,
analysis by *P NMR spectroscopy showed that 3f was
completely consumed and the only resonance observed was
that of (PNp;)Pd(2,6-Me,C¢H,)(pyridine)Br (6fa, Scheme 1).

Scheme 1. Reaction of 3f with Pyridine to Give 7

Ny K PNps
3f + 2 @ 2 Pld-Br
= CHCl,, 22 °C /N 6fa
<5 min ‘
X
N X
2 | ° | z
z N
—_— 2 Pd-Br + 2 PNp3
hours N
g
Qg
7

No free PNp; was observed, which indicates that no
conversion to complex 7 had occurred in this time. After 14
h at room temperature, 16% of 6fa was converted to
bis(pyridine) complex 7 (Figure SS8, Supporting Informa-
tion). Heating the reaction to 60 °C for an additional 200 min
resulted in 70% conversion of 6fa to 7. The rate of conversion
of 6fa to 7 is too slow at room temperature to affect the
analysis of the equilibrium ratios in this study. Significantly, no
free PNp; was observed in any of the equilibrium studies.
Coordination of Amines to Complex 3f. The reaction of
the most sterically demanding palladium aryl dimer (3f) with
amine substrates used in Buchwald—Hartwig reactions was
next explored. We previously reported that bromide-bridged
dimers related to 3a—3f do not form a stable adduct with
aniline, although they effectively catalyzed the arylation of
aniline."" As expected, the reaction of dimer 3f with an excess
of aniline gave no evidence of formation of an aniline complex
(9a) based on the *'P NMR spectrum of the reaction mixture.
Reaction of 3f with the more basic amines, such as isobutyl
amine (8b) or morpholine (8c) provides stable amine
complexes (9b—9¢, eq 4). Complex 9c afforded X-ray quality

PNps
3f + 2 RN —> 2 Pd-Br 4)
NR3
9a: aniline (0%)

9b: isobutyl amine (92%)
9c: morpholine (96%)

8a: aniline
8b: isobutyl amine
8c: morpholine

crystals that allowed confirmation of the structure as an adduct
in which the morpholine coordinates as a neutral ligand
(Figure 6). The amine coordinates cis to the aryl substituent as
seen with the pyridine complexes.

Reaction of aniline with [Pd(TNpP)Cl,], (10)’® cleanly
affords aniline complex 11 (eq 5). By replacing the 2,6-

PNp; NH, PNp
3
CI-Pd-Cl ®)

Cl-Pd-Cl ,
+ —_—
CI-Pd-Cl CH,Cly NH
PNps rt 2
10 @ 1

Figure 6. Thermal ellipsoid plot (50% probability) of the molecular
structure of 9c. Hydrogen atoms and disorder are omitted for clarity.
Selected bond lengths (A) and angles (deg): Pd1—N1, 2.1512(13);
Pd1—Brl, 2.5322(2); Pd1-C16, 2.0147(16); Pd1—P1, 2.2818(4);
N1-Pd1-Brl, 85.17(4); P1-Pd1—Brl, 94.220(12); N1-Pd1-P1,
173.00(4); C16—Pd1-Brl, 173.21(S); C16—Pd1—P1, 90.46(4);
C16—Pd1-N1, 90.78(6).

dimethylphenyl substituent with the chloride, the palladium
center is less sterically hindered and more electron-deficient.
The more accessible and electron-deficient palladium center
binds more readily to aniline than 3f. Complex 11 gave X-ray
quality crystals that allowed the structure to be determined
(Figure S33). The solid state structure is a distorted square
plane with a trans arrangement of the phosphine and amine
ligands. As in 9b, aniline coordinates as a neutral ligand.

Computational Results. Optimized geometries and vibra-
tional frequencies for complexes 3 and 6 were calculated at the
density functional theory™* level with the B3LYP*’ exchange-
correlation functional. The calculations used the DZVP2**
basis set for the first and second row atoms (H, C, N, P), the
DZVP** basis set for Br, and the pseudopotential (PP) based
aug-cc-pVDZ-PP correlation-consistent basis set™ for Pd. As
shown in Tables 1 (3a—3f) and S10 (6aa—6db), the calculated
structural parameters are in good agreement with experimental
results. The Pd—Br, Pd—P, and Pd—N dative bonds are
predicted to be 0.05 to 0.10 A too long (on the order of up to
4%). This is typical of what is found in comparing the
geometries of molecules with dative bonds to transition metal
atoms using gradient corrected functionals with DFT. The
calculated Pd—C covalent bond distances are in much better
agreement with experimental results. The calculated and
experimental bond angles are in agreement within a few
degrees. The percent buried volumes obtained from DFT-
optimized gas phase structures were consistently smaller (1.6—
3°) than those obtained from solid-state structures but
followed the same trends as those obtained from solid-state
structures. The underestimation of the buried volume is likely
due in part to the overestimation of the Pd—P bond length,
which would decrease the steric interaction in the metal
coordination sphere.

The calculated energetics using five different DFT func-
tionals in both the gas phase and in solution for the dimer—
monomer equilibrium (eq 6) reaction for different substituted
aromatics are reported in Tables 3 and S29. The B3LYP results
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Table 3. Calculated Solution Phase (CH,Cl,) Bromine-
Bridge Dissociation Reaction Free Energies for eq 6 at 298
K (kcal/mol)

B3LYP-
Ar B3LYP MO06 wB97xD  D3B]  B97D3BJ
CeH, (3g) -157 09 1.9 8.1 2.5
4-MeC¢H, (3a) -108 78 8.7 14.4 8.4
4-t-BuC¢H, (3b) —124 69 8.0 14.0 8.1
2-MeC4H, (3¢) 140 27 44 10.4 47
2-i-PrCH, (3g) -17 190 170 23.1 17.9
2-Me-4-OMeC¢H, 164 03 1.7 7.7 2.3
(3¢)
2,6-Me,CsH,(3f) -153 13 2.9 9.1 32

predict that formation of the monomer (12) is always highly
favored in dichloromethane solution, except for 3d, where
monomer formation is weakly favored. In contrast, dimer
formation is always favored in the gas phase with the B3LYP
functional (Table S29). The other four functionals, which are
expected to handle the nonbonded van der Waals interactions
in these sterically bulky systems in a more even manner,
predict that dimer 3 is heavily preferred in the gas phase. The
dimer is favored in solution, as well, for all four functionals, but
with smaller energy differences. On the basis of the
calculations, complexes 3g, 3c, 3e, and 3f may be in
equilibrium with small concentrations of their corresponding
monomer complexes in solution. Stable three-coordinate
palladium aryl complexes have been characterized, but the
known examples require highly sterically demanding Ii%ands,
such as tri-tert-butylphosphine or triadamantylphosphine.”® On
the basis of the observation of four stereoisomers for
complexes 3c and 3d in solution,'’ complexes 3a—3f are
expected to exist primarily as halide-bridged dimers in solution.

The stability of dimer complexes 3a—3g compared to the
three-coordinate monomers 12a—12g roughly follows the
steric demand of the ligands, although there are exceptions to
this trend. As expected, the endothermicity of dimer cleavage
decreases going from 4-substituted (3a, 3b) to 2-substituted
(3c) to 2,6-disubstituted (3f) as the steric demand of the aryl
ligand increases. Replacing the 2-methyl substituent in 3¢ with
isopropyl (3d) results in a significantly higher endothermicity,
which is not expected based on steric effects. If an electron
donating methoxy group is substituted at the 4- position in 3¢
to form 3e, the endothermicity is the smallest. This could
reflect an increased trans effect from the more electron-rich
aryl ring. Phenyl-substituted 3g has a nearly identical value to
3e and a much lower endothermicity than 3a or 3b, however.
The tendency of the dimer to cleave appears to depend on
several factors than cannot be clearly assigned to steric and/or
electronic effects.

The solid-state structures of the pyridine complexes have a
cis relationship between the pyridine and aryl ligand in each
case. In solution, a single isomer was observed by *'P NMR in
all cases, except 6ab, where two complexes were observed. We
hypothesized that these may correspond to cis and trans
isomers of 6ab. The relative energies of the 6-cis and 6-trans
isomers of the (Np;P)Pd(pyr)(Ar)Br complexes were analyzed

computationally using the B3LYP, M06, and wB96xD
functionals (eq 7, Tables 4 and S30). All three functionals

I?Npa K If’Npa ~—\ Ry, -
Ar—PId—Br Ar—F’Id—N\ />
Br
6-trans

N
)
AN 6-cis
Rn

Table 4. Calculated trans—cis Free Energy Differences (eq
7) at 298 K in CH,CIl, Solution (kcal/mol)

3 S 6 B3LYP MO06 wB97xD
CeH; (3g) pyridine (5a) 6ga 2.5 2.0 1.9
2-picoline (Sb) 6gb 44 4.1 4.0
2,6-lutidine (5c)  6gc 6.5 5.9 6.7
4-MeC¢H, (3a) pyridine (Sa) 6aa 1.4 -0.3 0.2
2-picoline (Sb) 6ab S.5 4.7 53
2,6-lutidine (5¢)  6ac 9.3 7.5 9.4
2-MeCg¢H, (3c) pyridine (Sa) 6¢ca 0.8 -0.1 0.5
2-picoline (Sb) 6¢cb 22 0.8 1.3
2,6-lutidine (5¢)  6¢cc 4.9 4.7 5.9
2-i-PrC¢H, (3d) pyridine (Sa) 6da 39 2.4 3.8
2-picoline (Sb) 6db 7.3 6.8 7.8
2,6-lutidine (5¢)  6dc 83 8.0 9.6
2,6-Me,C¢H, (3f)  pyridine (5a) 6fa 31 2.1 31
2-picoline (Sb) 6fb 3.7 2.0 2.9
2,6-lutidine (Sc) 6 fc 2.4 0.7 2.6

gave similar predicted trends for the relative stabilities of the
two isomers. In the gas phase, the 6-cis isomer is predicted to
be strongly favored for all complexes (Table S30). This trend is
expected based on the preference for the strong trans-effect
aryl ligand to be trans to the weak trans-effect bromide ligand.
The trans isomer would also lead to increased steric strain
between the PNp;, aryl, and pyridine ligands. In solution, the
6-cis isomer is predicted to be favored in nearly all cases, but by
a smaller amount than in the gas phase. For complexes with
zero or one ortho substituent (6ax, 6¢cx, and 6dx), the energy
difference between the cis and trans isomers increases with
increasing size of the pyridine ligand. For example, the cis and
trans isomers of the 4-tolylpyridine complex (6aa) are
calculated to be nearly thermoneutral in solution. In the case
of the 2-picoline complex (6ab), the cis isomer is predicted to
be approximately S kcal/mol more stable than the trans isomer
in solution. The increased preference for the cis isomer is
presumably due to the increased steric strain between 2-
picoline and PNp; ligands in the 6-trans isomer. The 2,6-
dimethylphenyl complexes (6fx) are predicted to have a small
decrease in energy differences between 6-cis and 6-trans
isomers as the steric demand of the pyridine increases. This
change in behavior likely reflects increased steric strain
between the 2,6-dimethylphenyl and pyridine ligands that
destabilize the 6-cis isomer relative to the 6-trans isomer.
The energetics for the equilibrium reaction of various
pyridines with the three-coordinate monomer complex 12 (eq
8, Tables S and S31) and dimeric complex 3 (eq 9, Tables 6
and S32) were predicted using different DFT functionals in
both the gas phase and CH,Cl, solution. When attempts were
made computationally to add pyridines to dimeric complex 3,
the pyridine ligand did not bind during the optimization. Thus,
the reactions of dimers 3a—3g with pyridines are predicted to

DOI: 10.1021/acs.inorgchem.9b02164
Inorg. Chem. 2019, 58, 1329913313


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02164

Inorganic Chemistry

PNpg PNpg
Ar-Pd-Br + 6a-c ArfPIder (8)
N
12a-g z ]
12g: Ar = Ph ¥
Rn
6
f1iPs PNpg
Ar-PdBr 5 gac =——= 2 Ar-Pd-Br ©)
BrPId-Ar N
PNpg Q]
3a-g S %
3g: Ar=Ph Ry
6

be dissociative processes. In contrast, previously studied
systems are proposed to undergo dimer cleavage through an
associative mechanism.'”*° These systems used less-hindered
complexes, such as [Pd,X]*” and [(n-alkyl;P)PdX,],. The
increased steric demand of complex 3 appears to prevent an
associative mechanism.

For the reaction of pyridine with a 3-coordinate monop-
alladium complex (12, eq 8), four of the functionals predict the
reactions to be exothermic in the gas phase and in solution
except for the formation of 6fc from 2,6-lutidine and 12f. In
contrast, the B3LYP functional predicts that pyridine
coordination would be endothermic in all cases in solution.

Complexes 3a—3g exist as halide bridged dimers in solution
as shown above. Thus, the critical thermodynamics are the
ones shown in Table 6 (eq 9), which can be derived by adding
the dissociation values in Table 3 (eq 6) to twice the
corresponding values in Table S (eq 8) as two pyridines will
react with the two monomers that are formed. The wB97xD
functional tends to predict reaction energies that are too
negative as compared to experimental results, but qualitative
agreement with experimental results is found for most of the
reaction energies in solution. The M06, B97D3BJ, and B3LYP-
D3B]J functionals generally predict reaction free energies that
are too positive as compared to experimental results, and again,
qualitative agreement with experimental results is found for
most of the reactions. The B3LYP energies are all much less
negative than experimental results, and in general, all of the
predicted reaction energies are positive. Thus, the experimental
free energies are bracketed by the wB97xD functional and by
the M06, B97D3B]J, and B3LYP-D3BJ functionals.

Experimentally, the binding order is pyridine > 2-picoline >
2,6-lutidine for all complexes tested. For the reactions of 3a,
3¢, and 3d, excluding B3LYP, the order of reactivity is
predicted to be 2-picoline > pyridine > 2,6-lutidine. B3LYP, on
the other hand, predicts the correct order of reactivity, even
though the actual reaction free energies are predicted to be too
positive. For 3f, all of the methods predict the correct reactivity
order. The order of the gas phase basicity is pyridine < 2-
picoline < 2,6-lutidine from experimental results, and the
calculations match this order (Table S37). Thus, there is a
balance between the basicity and the steric interactions
governing the experimental ordering. B3LYP accounts for the
least amount of steric interaction so its energetics are
dominated by the basicity. However, the inability to account
for the steric interactions leads to B3LYP’s inability to predict
the amount of binding resulting in free energies that are too
positive. The other methods are able to predict the size of the
steric interactions better than they do predict about the correct
free energies but get some overbinding in terms of the steric
interactions. Thus, the basicity plays too important a role in
the calculated values.

The first step in the formation of dipyridine complex 7
(Scheme 1) is the cleavage of dimer 3f and addition of 2 equiv
of pyridine to give two 6fa (eq 10). This reaction is predicted
to be slightly too exothermic by —0.1 to —6.7 kcal/mol with all
of the functionals (Table 6). The calculated geometry
parameters for 7 are shown in Table S35, where they are
compared to the experimental values. The calculated geometry
parameters are in good agreement with experimental results
with bond distances within better than 0.04 A. The energetics
for the second step (eq 11 and Tables 7 and S36) are
exothermic by ca. —10 kcal/mol at the B3LYP level. This is
due to the fact that there are fewer steric interactions in 7 than
in 6fa and B3LYP does not incorporate the nonbonded
interactions of the PNp; group properly. The M06 functional
predicts the reaction to be slightly endothermic consistent with
the observation that 7 is formed. Whether eq 10 is exothermic
or endothermic in solution is within the accuracy of the
method. At the @B97xD level, the reaction is predicted to be
endothermic by ~5 kcal/mol so that the nonbonded
interactions are being too heavily weighted with this functional.
This is consistent with the results in Table 6. Equation 11 is

Table 5. Calculated Solution (CH,Cl,) Reaction Free Energies at 298 K (kcal/mol) for the Reactions of Pyridines 5a—Sc with

(PNp;)PdArBr (12a—12g; eq 7)

12 S 6 B3LYP
CeH; (12g) pyridine (Sa) 6ga 6.8
2-picoline (Sb) 6gb 8.4
2,6-lutidine (5c) 6gc 113
4-MeC¢H, (12a) pyridine (5a) 6aa 6.1
2-picoline (Sb) 6ab 6.6
2,6-lutidine (5c) 6ac 10.9
2-MeCg¢H, (12¢) pyridine (Sa) 6¢ca 7.9
2-picoline (Sb) 6¢cb 9.7
2,6-lutidine (5¢) 6¢cc 14.8
2-i-PrC¢H, (12d) pyridine (Sa) 6da 0.6
2-picoline (Sb) 6db 2.6
2,6-lutidine (5¢) 6dc 9.7
2,6-Me,C¢H; (12f) pyridine (Sa) 6fa 6.9
2-picoline (Sb) 6fb 10.7
2,6-lutidine (5¢) 6 fc 19.7

13307

Mo6 wB97xD B3LYP-D3B]J B97D3B]
-1.6 —4.2 —4.7 —-15
=3.0 =S5.5 =59 -2.9
=29 —6.1 —6.5 34
=3.1 -S5.8 —6.5 =29
=54 —-8.2 -9.0 =57
—4.0 =74 -7.8 —4.4
—0.7 -3.8 —4.1 -0.9
-17 —4.7 =5.0 -1.9

0.1 -3.4 =3.5 —0.4
—8.7 —10.6 —10.9 -7.8

—10.4 -11.9 -12.2 -9.2
—6.0 —8.1 —8.2 =53
-12 —4.8 =52 -1.6

0.4 -3.6 —4.2 -0.7
6.1 2.3 1S 4.7
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Table 6. Calculated and Experimental Solution (CH,Cl,) Reaction Free Energies at 298 K (kcal/mol) for the Reactions of

Pyridines Sa—c with [(PNp;)PdArBr], (3a—g) (eq 8)

3 S 6 B3LYP

C¢H; (3g) pyridine (Sa) 6ga -2.1
2-picoline (5b) 6gb 1.0

2,6-lutidine (5c) 6gc 6.9

4-MeC¢H, (3a) pyridine (5a) 6aa 1.4
2-picoline (5b) 6ab 2.5

2,6-lutidine (5¢) 6ac 10.9

2-MeC¢H, (3c) pyridine (Sa) 6ca 19
2-picoline (Sb) 6¢cb S.S

2,6-lutidine (5¢) 6¢cc 15.6

2-i-PrC¢H, (3d) pyridine (Sa) 6da —-0.5
2-picoline (5b) 6db 3.6

2,6-lutidine (5¢) 6dc 17.7

2,6-Me,CgH, (3f) pyridine (Sa) 6fa -15
2-picoline (Sb) 6fb 6.1

2,6-lutidine (5c) 6 fc 24.1

“Calculated using equilibrium constants (K) reported in Table 3.

Mo6 wB97xD B3LYP-D3BJ B97D3BJ exptl”
=22 —6.6 -14 -0.5
=52 —9.1 -3.8 =33
—4.9 —-10.3 =5.0 —4.4
1.7 =29 15 2.6 < =55
=3.0 -7.8 -3.6 -2.9 —4.9 £ 0.1
—0.1 —6.0 -1.1 -0.3 —1.0 £ 0.1
12 =33 2.2 2.9 —=3.1+02
-0.7 =5.0 0.4 0.9 -1.6 £03
2.9 2.4 3.5 3.9 >4.1
1.7 —4.2 13 2.3 -3.6 £ 04
-18 —-6.9 -13 -0.5 —1.5 £ 0.1
7.1 0.8 6.6 74 >4.1
-11 -6.7 -12 —0.1 —2.8 +£02
2.1 —4.3 0.8 1.7 1.5 +£02
13.6 7.4 12.1 12.6 >4.1

Table 7. Calculated Solution (CH,Cl,) Reaction Free
Energies at 298 K (kcal/mol) for eq 10 and eq 11

method eq 10 eq 11
B3LYP -1.5 —10.4
Mo6 —1.1 1.1
wB97xD —6.7 4.8
B3LYP-D3B]J —0.1 7.2
B97D3BJ —-1.2 8.2

even more endothermic with the B3LYP-D3BJ and B97D3B]J
functionals showing that, again, they may be overestimating the
stabilization due to nonbonded interactions.

3f + 2pyr — 26fa (10)
26fa + 2pyr — 27 + 2PNp, (11)

B CONCLUSIONS

Structural analysis of trineopentylphosphine palladium com-
plexes confirms that there is a significant degree of conforma-
tional flexibility in the trineopentylphosphine ligands that
allows accommodation of other sterically demanding ligands in
the coordination environment. There is a dramatic difference
in the conformation of PNp; coordinated to two-coordinate
palladium (Pd(PNp;),) and the four-coordinate complexes
discussed here (3 and 6). Within the four-coordinate
complexes, the neopentyl ligands adjust their conformations
to tolerate aryl ligands on palladium. Changes in the torsional
angles of the neopentyl substituents (Pd—P—C-C) and the P—
C—C bond angles are the primary responses to increased steric
demand. In the case of a 2,6-dimethylphenyl substituent, the
phosphine is pyramidalized to move the neopentyl groups
further from the palladium center. These changes in
conformation can be seen through buried volume calculations
that show decreasing %V}, with increasing steric demand of the
aryl ligand on palladium. In contrast to the significant effect of
the cis-aryl ligand on the PNp; conformation, the ligand trans
to the phosphine has less impact.

The binding equilibria for cleavage of the halide bridged
dimers (3) by pyridine to give pyridine complexes (6) are
dependent primarily on the steric demand of the incoming
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pyridine ligand and to a lesser extent the steric demand of the
aryl group on palladium. These results are in contrast to
previous studies with less hindered palladium centers in which
the pyridine basicity was a more important factor in the
binding equilibrium.19b To our knowledge, this is the first
analysis of steric effects of ligand binding in complexes with
sterically demanding ligands relevant to palladium-catalyzed
cross-coupling. Electronic structure calculations suggest that
this ligand substitution process occurs by a dissociative
mechanism, rather than the associative process seen in other
halide dimer cleavage reactions.'””” This conclusion is based
on the fact that a pyridine adduct of the halide bridged dimers
(3), which would be required in an associative mechanism,
could not be found computationally.

Electronic structure calculations of these systems highlight
that the choice of functional plays a critical role in obtaining
energies that are consistent with experimental results.
Calculations using B3LYP were generally least consistent
with the experiment and the other basis sets used in this study.
The poor performance of B3LYP is thought to be due to its
handling of the extensive van der Waals interactions in these
complexes. None of the functionals were able to accurately
calculate AG within +1 kcal/mol for all of the reactions of
pyridine derivatives with the dimer complexes (3), although
the wB97xD and MO06, B97D3BJ, and B3LYP-D3BJ func-
tionals bracketed the experimental values. The agreement of
the computational results with experimental results is
reasonable considering the difficulty in calculating nonbonded
interactions and solvent effects. An error of 1 to 3 kcal/mol in
each component readily accounts for the differences between
the calculated values and experimental results. All of the
functionals except B3LYP overestimated the effect of pyridine
basicity on the binding equilibria relative to the steric effect,
resulting in predictions that 2-picoline would bind more
favorably than pyridine.

B EXPERIMENTAL SECTION

General Procedure and Materials. PNp,>’ Pd(PNp;),'***
3b,"° 3¢,'° 3f'' (COD)PA(CH,TMS),,”’ and 10°® were prepared
according to literature procedures. Other reagents were purchased
from commercial suppliers and used as received. Toluene was refluxed
over sodium for an hour and freshly distilled before use. Methylene
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chloride was distilled from CaH, under nitrogen prior to use.
Reactions were conducted under nitrogen double-manifold inert-
atmosphere techniques, unless noted otherwise.

[(PNp;)Pd(4-MeC¢H,)Brl, (3a). Pd(PNp;), (97.3 mg, 0.164
mmol) and 4-bromotoluene (96.4 uL, 0.78 mmol) were mixed
together in 10 mL toluene in a two-neck flask under N,. The reaction
mixture was stirred at 70 °C for 14 h. After cooling to RT, all the
volatiles were pumped off, and the remaining solids were washed with
pentane. Then, the collected solids were dissolved in hot toluene
again. The solution was filtered while hot to remove insoluble Pd
black solids. Removal of the solvent under a vacuum afforded a white
solid (73.88 mg, 70%). '"H NMR (500 MHz, C,Dy, 283 K): & 7.64 (d,
J = 5.3 Hz, 4H), 6.93 (d, ] = 5.8 Hz, 4H), 1.77 (d, ] = 10.7 Hz, 12H),
1.37 (s) 1.27 (brs, 54H). *C NMR (125 MHz, C(D¢, 295 K): &
148.3, 135.5, 132.2, 108.0, 40.0, 33.5, 32.6, 31.4 (brm), 20.80. 3'P
NMR (202.5 MHz, C¢Dy, 295 K): § 7.78, 6.14 ppm (1:0.13).

[(PNp3)Pd(2-iPrC4H,)Brl, (3d). Pd(PNp;), (1102 mg, 0.185
mmol) and 1-bromo-2-isopropylbenzene (142.3 L, 0.93 mmol) were
mixed together in 10 mL of toluene in a two-neck flask under N,. The
reagent mixture was stirred at 70 °C for 14 h. After cooling to RT, all
the volatiles were pumped off, and the remaining solids were washed
with pentane. Then, the collected solids were dissolved in hot toluene.
The solution was filtered while hot to remove insoluble Pd black
solids. Removal of the solvent under a vacuum afforded a white solid
(80.8 mg, 65%). '"H NMR (500 MHz, C¢Dy, 283 K): § 7.74 (m, 2H),
7.10=7.01 (m, 6H), 2.40—1.20 (m, 60H), 0.70 (s, 18H). 3*C NMR
(125 MHz, CDy, 295 K): § 151.4 (s), 134.3, 134.2 (d, Jc_p = 18.7
Hz), 1264, 126.3 (d, Jo_p = 15.0 Hz), 125.4, 124.3, 108.0, 41.6, 37.5,
33.1 (brs), 26.3, 262 (d, Jo_p = 12.5 Hz), 24.5, 244 (d, Jo_p = 12.5
Hz). *'P NMR (202.5 MHz, C¢Dy, 295 K): § 9.4, 9.2, 8.23, 8.18 ppm.

[(PNp;)Pd(2-Me-4-OMeCgH;)Brl, (3e). Pd(PNp;), (61.6 mg,
0.104 mmol) and 4-bromo-3-methylanisole (88 xL, 0.62 mmol) were
mixed together in 10 mL of toluene in a one-neck flask under N,. The
reagent mixture was stirred at 70 °C for 14 h. After cooling to RT, all
the volatiles were pumped off, and the remaining solids were washed
with pentane. Then, the collected solids were dissolved in hot toluene.
The solution was filtered while hot to remove insoluble Pd black
solids. Removal of the solvent under a vacuum afforded a white solid
(35.8 mg, 64%). 'H NMR (600 MHz, C,Dy, 308.5 K): § 7.54 (d, ] =
2.2 Hz, 2H), 6.82 (s, 2H), 6.65 (d, ] = 7.0 Hz, 2H), 3.40 (s, 6H), 2.98
(s, 6H), 1.71 (brs, 12H), 1.27 (brs, 54H). *C NMR (125 MHz,
C¢Dg, 295 K): 8 157.9, 141.6, 133.9, 116.5, 116.4, 111.0, 54.8, 33.1,
32.5,27.4,22.7. 3P NMR (202.5 MHz, C(Dg, 295 K): § 9.3, 9.3, 8.00,
7.95 ppm.

Representative Procedure for Equilibrium Study Experi-
ments of [(PNp;)PdArBr]l, and Pyridine Derivatives. [(PNp,)-
Pd(2-iPrC¢H,)Br], (3d, 17.6 mg, 1.31 X 10~° mol) was dissolved in
methylene chloride in a 2.0 mL volumetric flask with the addition of
the standard trimethyl phosphate (8.0 L, 6.84 X 107 mol), which
worked as the stock solution. The stock solution of 3d (500 uL, 6.55
x 107 mol) and pyridine (10.6 L, 1.31 X 10 ~° mol) was transferred
into an NMR tube. The resulting solution was allowed to stand for at
least $ min and then analyzed by *'P NMR spectroscopy. Equilibrium
constants were calculated according to the integration of *'P signals
(see calculation details in Supporting Information). The pyridine
complexes (6) reverted to equilibrium mixtures of 3x, 5x, and 6xx in
the absence of excess pyridine ligand, so they were only characterized
by *'P NMR. In the case of 6aa, 6ca, 6da, and 6db, X-ray quality
crystals were obtained upon crystallization from solutions containing
excess pyridine or 2-picoline.

(PNps)Pd((CH3),CHCH,NH,)(2,6-Me,C4H3)Br (9b). 3f (50 mg,
0.047 mmol) was dissolved in methylene chloride (6 mL). Then,
isobutylamine (10.0 L, 0.101 mmol) was added into the solution.
After stirring for 1 h, the volatiles were removed under a vacuum to
provide a white solid (52 mg, 92%). '"H NMR (500 MHz, C¢Dy, 295
K): § 6. 90 (m, 3H), 2.86 (s, 6H), 2.75 (brs, 2H), 2.27 (s, 4H), 2.23
(br, 1H), 2.03 (brs, 2H), 1.56 (brs, 18H), 1.36 (br, 6H), 0.93 (br,
2H), 0.78 (brs, 9H). *C NMR (125 MHz, C(Dy, 295 K): § 159.7,
140.2, 126.9, 124.6, 52.1, 43.9, 33.3 (d, Jc_p = 35 Hz), 30.2, 27.0,
19.5. 3'P{"H} NMR (202.5 MHz, C¢Ds, 295 K): § 16.9.

(PNps)Pd(morpholine)(2,6-Me,C¢H3)Br (9c¢). 3f (70 mg, 0.065
mmol) was dissolved in methylene chloride (8 mL). Then,
morpholine (13.0 pL, 0.150 mmol) was added into the solution.
After stirring for 1 h, the volatiles were removed under a vacuum to
provide a white solid (78 mg, 96%). Colorless single crystals were
formed after slow evaporation of a benzene solution. '"H NMR (500
MHz, C¢Dy, 295 K): § 7.05—6.93 (m, 1H), 6.88 (d, ] = 7.2 Hz, 2H),
3.59 (br, 1H), 3.08 (d, J = 12.5 Hz, 2H), 2.83 (s, 6H), 2.73 (m, 6 H),
2.68 (m, 2 H), 2.02 (brs, 2H), 1.54 (s, 18 H), 1.36 (s, 4H), 0.76 (s,
9H). 3C NMR (125 MHz, C(Dy, 295 K): § 160, 140.0, 127.0, 124.6,
67.8, 49.4, 43.9 (d, Jc_p= 9.7 Hz), 33.3, 32.8, 26.9. >'P{'H} NMR
(202.5 MHz, C(Dy, 295 K): § 12.0

(PNp3)Pd(C4H,;N)Cl, (11). [(PNp,;)PdCL], (100 mg, 0.119
mmol) was dissolved in methylene chloride (8 mL). Then, aniline
(32.3uL, 0.357 mmol) was added into the solution. After stirring for 1
h, the volatiles were removed under a vacuum to provide an orange
solid (116.4 mg, 95%). Orange single crystals were formed after slow
evaporation of a benzene solution. '"H NMR (500 MHz, C¢Dg, 295
K): 67.24 (d,] = 7.8 Hz, 2H), 7.00 (t, ] = 7.8 Hz, 2H), 6.85 (t, ] = 7.3
Hz, 1H), 3.82 (s, 2H), 2.12 (d, ] = 12.8 Hz, 6H), 1.20 (s, 27 H). *C
NMR (125 MHz, C(Dq, 295 K): § 141.4, 129.1, 124.4, 121.3, 38.6 (d,
Je—p= 25.2 Hz), 332 (d, Jc_p = 6.4 Hz), 32.4 (d, Jo_p = 4.3 Hz).
SIP{"H} NMR (202.5 MHz, C¢Dg, 295 K): § 15.5.

X-ray Crystallography. Crystals of appropriate dimension were
mounted on Mitgen cryoloops or a glass filament in a random
orientation. Preliminary examination and data collection for
complexes 3a, 3e, 6aa, 6ab, 6da, 6db, and 7 were performed on a
Bruker Apex2 CCD-based X-ray diffractometer equipped with an
Oxford N-Helix Cryosystem and fine focus Mo-target X-ray tube (1 =
0.71073 A) operated at 1500 W of power (50 kV, 30 mA). The X-ray
intensities were measured at 223(2) K; the detector was placed at a
distance 6.000 cm from the crystal. The frames were integrated with
the Saint software package™ using a narrow-frame algorithm. Data
were corrected for absorption effects using the multiscan method in
SADABS. The space group was assigned by using XPREP of the
Bruker ShelXTL package,”" solved with ShelXT and refined with
ShelXL 2014/7°% and the graphical interface ShelXle.>® All non-
hydrogen atoms were refined anisotropically. H atoms attached to
carbon were positioned geometrically and constrained to ride on their
parent atoms.

Preliminary examination and data collection for complexes 9b and
11 were performed using a Rigaku XtaLAB Synergy R, a DW system,
and a HyPix diffractometer operating at T = 100.00(10) K. Data were
measured using @ scans using Mo Ka radiation. The total number of
runs and images was based on the strategy calculation from the
program CrzsAlisPro, and the unit cell was refined using
CrysAlisPro.** Data reduction, scaling and absorption corrections
were performed using CrysAlisPro. The structure was solved and the
space group determined by the ShelXT** structure solution program
using intrinsic phasing methods and refined by least-squares using
version 2018/3 of ShelXL>® and graphical interface Olex2.*” All non-
hydrogen atoms were refined anisotropically. H atoms attached to
carbon were positioned geometrically and constrained to ride on their
parent atoms.

The structure of [(PNp;)Pd(4-MeC4H,)Br], (3a) was found to
contain multiple two-component disorders. Within the asymmetric
unit, two symmetrically independent molecules were found. In
molecule one (containing a Pd1—Pd2—Brl1—Br2 core), “rotation”
two-component disorders were found at both of the two neopentyl
ligands. In molecule two (containing Pd3—Br3A), three sites were
disordered. A two component disorder was found at the 4-tolyl ligand,
within which three pairs of the equivalent atoms of the two moieties
(C45 and C45A; C50 and CS0A; C51 and C51A) were constrained
to have identical ADPs (EADP). Disorder was also found at the site of
Br3A and Br3B. The bonds of Pd3—Br3A and Pd3—Br3B were
restrained to have similar distances (SADI). The third disorder in this
molecule was located at the neopentyl ligand. It was modeled as a
“rotation” two-component disorder (C1-C2—C3 vs ClA—C2A—
C3A). Equivalent bonds of the two moieties were restrained to have
similar bond distances (SADI).

DOI: 10.1021/acs.inorgchem.9b02164
Inorg. Chem. 2019, 58, 1329913313


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02164/suppl_file/ic9b02164_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02164

Inorganic Chemistry

The structure of (PNp;)Pd(2-MeC4H;)(Pyr)Br (6ab) was also
found to have a two-component “ring flipping” disorder at the 2-tolyl
ligand. Within these moieties, atoms were subjected to a rigid bond
restraint (RIGU). The two disordered components were restrained to
have similar geometries (SAME command of ShelXL).

The structure of (PNp;)Pd(2-i-PrC¢H,),(2-picoline)Br (6db) was
found to have a two-component “ring flipping” disorder at the 2-
picoline ligand. Within these moieties, atoms were subjected to a rigid
bond restraint (RIGU). Also, as C10 and C10B appeared unstable
when refined anisotropically, they were treated approximately as
isotropic (ISOR).

The structure of (PNp;)Pd(2,6-Me,C¢H,;)(morpholine)Br (9b)
was found to have a positional disorder on the morpholine ligand at
one of the two molecules in the asymmetric unit. The structure was
successfully modeled by two moieties with an occupancy ratio of
0.6:0.4.

The structure of (PNp;)Pd(aniline)Cl, (11) was found to have a
rotational disorder on one of the neopentyl ligands. Atoms on the two
moieties were restrained to have similar geometries (SAME).

Computational Methods. The geometries were optimized, and
vibrational frequencies were calculated at the density functional
DFT** level with the B3LYP*’ exchange-correlation functional.
Vibrational frequencies were predicted to ensure that the optimized
structures were minima. The calculations used the DZVP2>* basis set
for the first and second row atoms (H, C, N, P), the DZVP?** basis set
for Br, and the pseudopotential (PP)-based aug-cc-pVDZ-PP
correlation-consistent basis set’> for Pd. Single point M06>° and
@B97xD* calculations were done at the B3LYP optimized geo-
metries. The gas phase calculations were performed using the
Gaussian 09 program system.”® Calculations in CH,Cl, solution (¢ =
2.02) were performed using a self-consistent reaction field approach™'
with the COSMO parameters*** using Gaussian 03.** Additional
single point B3LYP and B97D3 calculations using the D3 version of
Grimme’s dispersion with Becke-Johnson damping** (will be named
as B3LYP-D3B]J and B97D3BJ)** were performed using cc-pVDZ for
H;* aug-cc-pVDZ for C, N,*” and P;*® aug-cc-pVDZ-PP for Br;*’ and
cc-pVDZ-PP for Pd as basis sets. The solvation COSMO calculations
were redone using the new basis sets with B3LYP-D3BJ as a
functional. This additional set of calculation was performed using
Gaussian 16.°° The Gibbs free energy in CH,Cl, solution at 298 K
was calculated from eq 12:

AGsol = AGgas + AGsolv (12)

where AGy, is the gas phase free energy at 298 K and AG,, is the
CH,ClI, solvation free energy at 298 K. The solvation energy is only
the electrostatic term (polarized solute — solvent).

Calculation of %V,,. Percent buried volumes for the complexes
were calculated using the SambVca 2.0 Web Application.'® The metal
was defined as the center of the sphere, and the P of the ligand being
analyzed was used to define the z axis. The following default
parameters were used for all calculations: atomic radii were the bond
radii table scaled by 1.17 in the application, sphere radius = 3.5 A,
mesh spacing = 0.1 A, and H atoms were excluded from the

calculations.
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