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Abstract The factors affecting C—N bond formation via
reductive elimination from Pd(I'Bu)(neopentyl)(morpho-
lide) (I'Bu = 1,3-Di-tert-butyl-imidazol-2-ylidene) are
studied computationally. DFT calculations indicate that
choosing an alkyl group without f hydrides, such as neo-
pentyl, has a detrimental effect on the possibility of C-N
reductive elimination. In the absence of f hydride elimi-
nation, a pathway of lower energy than reductive elimi-
nation is found, namely morpholide-promoted C-H
activation of neopentyl ‘Bu has a significantly lower acti-
vation energy than reductive elimination. Changing the
ancillary ligand from I'Bu to tricyclopentylphosphine
(P(Cyp)s) has little impact. By contrast, replacing neo-
pentyl by phenyl leads to a c. 50% reduction in activation
energy. Study of Pd(I'Bu)(2-methylpropyl)(morpholide)
permits comparison of the potential energy surfaces for
three possible processes; (1) reductive elimination (2)
morpholide-promoted C—H activation and (3) f-hydride
elimination and reveals that the activation energies for
these processes increase in the order of (3) < (2) < (1).
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1 Introduction

C—C and C-N bond—forming reactions are the key steps in
the synthesis of many organic substances [1, 2]. The use of
Pd as a catalyst in these types of reactions is very well
documented and has become an extremely important tool
in modern day synthesis. Yet, whilst Suzuki [3-5], Negishi
[6-9], Heck [10], Kumada [11-13], and Buchwald—
Hartwig amination [14, 15] reactions have been success-
fully employed using aryl halides, the corresponding alkyl
halides in the same transformations have remained, until
recently, much more challenging. Historically, the presence
of f-hydrogens on the alkyl substituent—created problems
with f-hydride elimination (Scheme 1), although this
problem was overcome by Suzuki [16], Fu and Zhou [17],
Kambe [18], Beller [19] and Knochel [20]. However,
even with these recent advances in (sp’)C—C coupling,
extension to (sp’)C—heteroatom bond formation has proved
demanding.

We have previously reported efforts towards developing
a new protocol for catalytic alkyl amination reactions
employing N-heterocyclic carbene (NHC)-Pd complexes
as catalysts. In order to maximise C-N bond formation, we
employed the NHC I'Bu, together with neopentyl chloride.
McGuinness and Cavell et al. [21]. have shown that steri-
cally demanding substituents on metal-bound NHC ligands
hinder the close approach of alkyl groups to the NHC, so
the ‘Bu groups on the NHC should inhibit unwanted reac-
tion with the neopentyl unit. We also reasoned that the
steric bulk of the neopentyl would prevent direct Sy2
attack by the amine, and hence that the favoured reaction
would be the (sp3)C—N reductive elimination from the
metal-bound alkyl and amide.

Despite these precautions, our efforts resulted in the
isolation of a square planar alkyl trans amination product
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Scheme 1 Proposed
mechanism for alkyl-amine
cross-coupling reactions,
comparing potential f-hydride
elimination with reductive
elimination

R

[Pd(neopentyl)(I'Bu)(morpholine)C1] 1 [22, 23]. This
complex proved remarkably stable and did not undergo
reductive elimination despite having the required cis
geometry. Furthermore, no evidence was found to suggest
that deprotonation of the coordinated amine occurred when
a variety of bases were added (KO'Bu, LHMDS, NaH,
NaOCEts).

It is important to understand why the reductive elimi-
nation does not take place and, in the present contribution,
we report computational efforts towards this goal. While
previous computational studies have been carried out for
complete Pd cross-coupling reactions [9, 24-32], as well as
the individual oxidative addition [33—44], transmetallation
[45-50] and reductive elimination steps [51-54], (sp3)C—N
alkyl amination has been less well studied. Previous theo-
retical work in this area includes a density functional theory
(DFT) study of the oxidative addition of methyl chloride to
a mono-ligated PdA(NHC) complex (NHC = N-1,3-di-tert-
butyl-imidazol-2-ylidene) [25], and an investigation of the
reductive elimination of methylamine from three and four
coordinate complexes Pd(PH3); o, »(Me)(NH,) [54].

In the present work, we explore several factors relating
to reductive elimination of alkyl palladium amine com-
plexes and we consider comparisons between aryl and
alkyl amination, with emphasis on the reductive elimina-
tion step. Unlike previous work, we make no simplifica-
tions of the target molecules; NHC and phosphine ligands
are modelled fully, as are the alkyl groups (dimethylpropyl
and neopentyl) and amine (morpholine). I'Bu complexes
are compared with those containing trialkyl phosphine
(PCyp3) groups, to establish if changes in the ancillary
ligand can influence significantly the reaction energetics.
As illustrated by Fu et al. [17], reductive elimination of
alkyl palladium complexes can be effected even in the
presence of i hydrogens, and the competition between f3
hydride elimination and reductive elimination in com-
plexes containing an alkyl group containing f hydrogens is
studied here. Also presented are data supporting the
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formation of a Pd-metallacycle via C-H activation of
neopentyl ‘Bu and its subsequent effects on the reaction
pathway.

2 Computational details

Density functional theory calculations were performed
using the Amsterdam density functional [55] (ADF)
quantum chemistry package with the PBE [56, 57] gener-
alised gradient approximation (GGA) exchange correlation
functional, which we have previously found to perform
well in calculations on a wide range of compounds con-
taining heavy metal atoms [58-62]. TZ2P zero-order
regular approximation (ZORA) all electron basis sets were
used on all atoms. Scalar relativistic effects were accounted
for by the ZORA. The integration grid parameter was set to
6.0, and the geometry convergence was 107> au Al Al
geometries were optimised without symmetry constraints.
Analytical harmonic frequency calculations were used to
characterise stationary points as either true minima or
transition states by the observation of 0 or 1 imaginary
vibrational modes, respectively. Solvent effects (tetra-
hydrofuran) were included by the COnductor-like Screen-
ing MOdel [63, 64] (COSMO) with the following values
for the atomic radii: Pd=23A, O=172A, Cl=
205A, N=183A, P=20A, C=20A and H=
1.3 A. The solvent radius and dielectric constant used were
r=3.18 A and ¢ = 7.58. Zero point energy, and entropic
and internal energy (298.15 K), corrections were taken
from gas phase calculations and applied to both gas phase
and solvent optimised minima and transition states. When
calculating the zero point energies and thermodynamic
corrections for the transition states, the single imaginary
vibration was ignored. It should be noted that as some of
the calculated reaction steps involve association or disso-
ciation (i.e. a change in the number of species), the gas
phase entropies lead to an overestimate of the reaction free
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energies for associative steps (i.e. are too positive), and an
underestimate for dissociative steps (i.e. are too negative),
on account of restricted translational and rotational ener-
gies in solution. The relative free energies of activation are
not affected by this.

3 Results and discussion

We began by optimising the geometry of 1 and were
pleased that all four bond lengths involving the Pd atom
deviated by at most 0.05 A from their experimental value
[23]. Loss of HCI from square planar 1 leads to 2, which
has a distorted T-shaped geometry due to the steric bulk of
the neopentyl group. Here I'Bu is trans to the morpholide,
possibly as a result of the greater trans influence of the
strongly electron donating neopentyl group. It is believed
that 2 is the species from which reductive elimination takes
place [25], and Fig. 1 presents a relative energy level
diagram for the stationary points on the potential energy
surface for this process. In order to facilitate elimination,
the neopentyl group must rotate through c. 90° around the
Pd-C bond to form complex 3, at a cost of +8.1 kJ mol L.
Further movement of the neopentyl group towards the
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Fig. 1 Calculated relative energy level diagram (kJ mol™') of the
stationary points on the potential energy surface for reductive
elimination from 2. The energies quoted are gas phase, including
zero point, thermal and entropic corrections (at 298.15 K). Values in

morpholide leads to a reduction in the neopentyl-Pd-mor-
pholide bond angle and hence to transition state TS-4,
+122.9 kJ mol ™" higher in energy than 3. The neopentyl
group then passes to the N of the morpholide (5), and the
reduction in the strain associated with the tri-cyclic core of
the transition state, together with the location of the steri-
cally cumbersome neopentyl group away from the I'Bu
tertiary butyl groups, results in a very significant reduction
in energy (—147.2 kJ mol™"). Combined with the dissoci-
ation of neopentyl morpholine 7, this process 1is
—166.6 kJ mol ™" exothermic with respect to the transition
state TS-4, and 35.6 kJ mol ™' more stable than the three-
coordinate Pd species 2.

Addition of I'Bu to Pd(I'Bu) 6 leads to the formation
of Pd(I'Bu), 8, with an associated change in energy of
—102.9 kJ mol™. The reverse of this process, the dissoci-
ation of I'Bu from Pd(I'Bu), 8, is known to occur at the
beginning of many Pd(0)-catalysed cycles [65], and hence
there is no obvious reason why, on the basis of Fig. 1, the
reductive elimination stage of the alkyl amination reaction
(via TS-4) should not take place. We therefore decided to
probe the relative energetics of the reductive elimination
when (1) the neopentyl group is replaced with phenyl (for
which the reductive elimination is known to take place) and

-146.4 (-138.5)

/Bu 'Bu
N N
L)
N N
Bu 'BU
parentheses are derived from electronic energies computed with the

inclusion of solvent effects, with zero point energies, thermal and
entropic corrections taken from the gas phase calculations
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(2) the strongly ¢ donating I'Bu is replaced with a less
donating trialkyl phosphine (PCyps). The results of these
calculations are summarised in Fig. 2. Replacement of I'Bu
in 2 by PCyp; yields an activation energy from 13 to TS-14
still well in excess of +100 kJ mol™". By contrast, the
activation energy from 9, the three-coordinate phenyl
complex, is only +60.1 kJ mol ™! (to TS-10) in solution,
substantially lower than the analogous steps on either the
I'Bu or phosphine neopentyl surfaces.

" 50.4 (60.1)

Table 1 collects some key bond length data for the
structures discussed earlier. In the I'Bu/neopentyl system,
the Pd-N distance shortens significantly from the four
coordinate species 1 to the three-coordinate 2, before
lengthening slightly in TS-4 and then more significantly in
5. There is little difference in the Pd—C(neopentyl) distance
between the four- and three-coordinate species, but a very
significant lengthening in TS-4. By contrast, there is
little change in the Pd—-C (I'Bu) distance from 1 to 5.
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Fig. 2 Calculated relative energy level diagram (kJ mol™') of the
stationary points on the potential energy surface for reductive
elimination from (I'Bu)Pd(phenyl)(morpholide) 9, (I'Bu)Pd(neopen-
tyl)(morpholide) 2 and (PCyps)Pd(neopentyl)(morpholide) 13. The
energies quoted are gas phase, including zero point, thermal and
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entropic corrections (at 298.15 K). Values in parentheses are derived
from electronic energies computed with the inclusion of solvent
effects, with zero point energies, thermal and entropic corrections
taken from the gas phase calculations
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Table 1 Pd-ligand bond lengths (A) and Mayer bond orders (in
parentheses) for selected stationary points on the potential energy
surfaces shown in Figs. 2 and 4

Pd(I'Bu)(neopentyl)(morpholide) complexes

Bond 1 2 TS-4 5
Pd-N 2.170 2.004 2.026 2.250
(0.83) (0.59) (0.32)
Pd-C(neopentyl) 2.120 2.097 2.408 -
(0.78) (0.45)
C-N (0.12) 0.47) (0.86)
Pd-C(I'Bu) 2.000 2.037 2.036 1.985
Pd(I'Bu)(phenyl)(morpholide) complexes
Bond 9 TS-10 11
Pd-N 1.993 2.017 2.210
(0.87) (0.55) (0.31)
Pd—C(phenyl) 2.011 2.071 -
(0.85) (0.66)
C-N 0.11) (0.49) (0.95)
Pd-C(I'Bu) 2.031 2.049 1.988
Pd(PCyps)(neopentyl)(morpholide) complexes
Bond 13 TS-14 15
Pd-N 2.007 2.037 2.294
(0.83) (0.57) 0.27)
Pd-C(neopentyl) 2.075 2.436 -
(0.80) (0.39)
C-N (0.10) (0.49) (0.86)
Pd-P 2.239 2.522 2.199
Pd(I'Bu)(2-methylpropyl)(morpholide) complexes
Bond 22 TS-23 24
Pd-N 1.988 2.019 2.242
(0.87) (0.56) (0.32)
Pd-C(2- 2.091 2.346 -
methylpropyl) (0.81) (0.39)
C-N (0.10) (0.51) (0.85)
Pd-C(I'Bu) 2.012 2.033 1.986

The analogous bond lengths in the PCyps; system behave
similarly, with an increase in the Pd-N distance from 13 to
15 and a reduction in Pd—P. There is also a significant
lengthening in the Pd—C distance on going from the three-
coordinate 13 to the transition TS-14, such that the
Pd—C(neopentyl) distances in TS-4 and TS-14 are rather
similar, c. 2.4 A. The distances in the phenyl complexes
are similar to their equivalents in the neopentyl com-
pounds, with the notable exception of the Pd—C(phenyl).
Whereas the analogous bond in the neopentyl complexes is
lengthened very significantly in TS-4 and TS-14 relative to
the preceding three-coordinate minima, that in TS-10 is
only 0.06 A longer than in 9.

It is of interest to examine the possible causes of the
differences between the neopentyl and phenyl systems. The
much higher activation energy in the neopentyl systems
may well result from steric factors. 2 is somewhat distorted

from T-shaped on account of the steric bulk of the neo-
pentyl group and hence, as discussed earlier, the neopentyl
group must rotate in order to bring the neopentyl and
morpholide ligands into sufficiently close proximity. This
rotation is accompanied by the unwanted clash of the ‘Bu
groups of the NHC with those of the neopentyl, and the
combination of this congestion and the initial rotation
may well have a significant effect on the energy of TS-4.
Furthermore, the energy released on forming the two-
coordinate species 5, 15 and 11 from the preceding tran-
sition states is c. 50% greater for the neopentyl systems,
indicative of larger steric congestion in the neopentyl
transition states TS-4 and TS-14 relative to the phenyl
TS-10.

In order to probe further the role of steric effects, we
have recalculated the NHC/neopentyl surface, replacing the
neopentyl group with a methyl ligand. The activation
energy is reduced to 4+102.9 kJ mol™" in solution; clearly
sterics cannot account for all of the neopentyl/phenyl
difference.

Table 1 reports Mayer bond orders (MBOs) [66, 67], in
addition to the bond length data discussed earlier. MBOs
contain all of the contributions to a bond between two
atoms, i.e. they take account of all bonding and antibond-
ing interactions in a single number. MBOs have been
applied to a variety of systems by, for example, Bridgeman
et al. [68]. The MBOs in Table 1 are, in general, rather
similar in analogous complexes, with the exception of the
Pd—C bond which weakens over the transition states.
Specifically, the MBO for the weakening Pd—C bond in
TS-10 is significantly larger than for TS-4 and TS-14,
suggesting that the Pd—phenyl bond in TS-10 is stronger
than the Pd-alkyl bonds in the analogous transition states
(the MBO for the Pd-C(Me) bond in the I'Bu/methyl
transition state is the same as the Pd—C(neopentyl) MBO in
TS-4). The stronger Pd—C(phenyl) bonding in the transition
state, consistent with the shorter Pd—C bond in TS-10 vs
TS-4 and TS-14, contributes significantly to the reduced
activation energy on the phenyl surface. It should also be
noted that, in agreement with the idea that reduced electron
density at the metal centre should promote reductive
elimination, the Hirshfeld charge for the Pd atom is +0.37
in 2 and +0.83 in 9.

With respect to the reductive elimination of an aryl
substituent, no other low energy pathway is available.
However, 3 has three ‘Bu groups, two from the NHC and
one from the neopentyl ligand. Several studies involving
neopentyl-bound group ten metals have shown C-H
activation to be a viable process, often resulting in loss of
1,1-bis-dimethylcyclopropane from a metallocyclobutyl
intermediate [69-71], a process which neighbouring group
participation by the nitrogen of morpholide would facili-
tate. Therefore, further computational studies were carried
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out to identify a mechanistic hypothesis to support the
transfer of a hydrogen from neopentyl to the morpholide of
Pd(I'Bu)(neopentyl)(morpholide) resulting in subsequent
dissociation of morpholine, followed by the loss of the
neopentyl group and formation of Pd(I'Bu),. The results
are shown in Fig. 3.

The pathway begins with the transfer of a hydrogen
atom from one of the neopentyl ‘Bu groups to the Pd
centre, resulting in TS-17, a five coordinate Pd species
consisting of bound I'Bu, morpholide, hydride, and the Pd
centre incorporated in a metallocyclobutyl ring. The
hydrogen lies in the same plane as the morpholide N and
the neopentyl C atom to which it was previously bonded.
Attempts to locate analogous transition states which do not
involve the morpholide N proved unsuccessful, strongly
suggesting that for the current system the presence of the N
as a hydrogen acceptor is required. TS-17 lies c.
+88 kJ mol ™" higher in energy than 2, some 43 kJ mol "
lower than the barrier for reductive elimination (TS-4,
Fig. 1). Furthermore 2 is well set up for the C—H activation
process to take place, whereas for reductive elimination,
rotation of the bulky neopentyl group is first required.
Additionally, the free rotation of the ‘Bu group means that
there are nine possible sites for C—H activation, compared
with the one C centre for reductive elimination.

_ 3 TS-17
o4 el . i 87.7(87.9)
_:gf‘d 2
f Q\’N"Bu\:\o

From TS-17, movement of the hydrogen towards the N
of the morpholide results in 18, a four coordinate Pd spe-
cies of similar energy to the starting complex 2. Rotation
and dissociation of morpholine, followed by loss of 1,1-bis-
dimethylcyclopropane, gives Pd(I'Bu) 6, —50.5 kJ mol ™'
more stable than 2. Addition of I'Bu then gives 8, as in
Fig. 1.

Figures 1 and 3 suggest that reductive elimination is
unfavourable in comparison with C—H activation, a situa-
tion which will be further exacerbated by the 9:1 ratio of
C-H activation:reductive elimination sites. However, the
neopentyl compound does not possess fS-hydrogens, and we
therefore decided to investigate the possible reaction
pathways for a compound analogous to 2 which contains
such hydrogens, Pd(I'Bu)(2-methylpropyl)(morpholide).
This allows us to compare the potential surfaces not only
for C-H activation and reductive elimination but also for
f-hydride elimination.

Figure 4 shows the potential energy surface for reductive
elimination of 2-methylpropyl morpholine from Pd(I'Bu)(2-
methylpropyl)(morpholide) 22. Comparison of Figs. 1 and
4 shows that the reductive elimination pathways for 2 and
22 are rather similar. From the distorted T-shaped 22,
24 kJ mol ™" less is required to reach the transition state for
reductive elimination, TS-23, than on the equivalent surface

Fig. 3 Calculated relative energy level diagram (kJ mol™') of the
stationary points on the potential energy surface for morpholide-
promoted C—H activation of ‘Bu in 2. The energies quoted are gas
phase, including zero point, thermal and entropic corrections (at
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computed with the inclusion of solvent effects, with zero point
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calculations
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Fig. 4 Calculated relative energy level diagram (kJ mol™") of the
stationary points on the potential energy surface for the reductive
elimination of 2-methylpropyl morpholine from Pd(I'Bu)(2-methyl-
propyl)(morpholide) 22. The energies quoted are gas phase, including

for neopentyl, possibly because there is one methyl group
fewer in the 2-methylpropyl system and hence reduced
steric congestion in the transition state. From TS-23 the
transfer of 2-methylpropyl to the morpholide N can take
place, reducing Pd(II) to Pd(0) and lengthening the now Pd—
morpholine bond from 2.019 to 2.242 A (Table 1). This is
strongly exothermic (—133.6 kJ mol™' in THF solution)
and subsequent loss of 2-methylpropyl morpholine and
addition of I'Bu yields Pd(I'Bu), 8.

The second process considered earlier for 2 is the
morpholide-promoted C-H activation of ‘Bu. To establish
the effects of removing one of the three methyl groups
from neopentyl on this process, we have calculated a
potential surface analogous to that shown in Fig. 3 but for
the 2-methylpropyl system 22, and the results are presented
in Fig. 5. As with the reductive elimination, comparison of
Figs. 3 and 5 reveals rather similar surfaces. Indeed, the
activation energy from 22 to TS-26 is almost exactly the
same as that between 2 and TS-17 for the neopentyl sys-
tem. That said, it might be expected that there is a rather
larger dependence on the orientation of the alkyl group in
22 than in 2, in that C-H activation requires a 2-methly-
propyl methyl group to be adjacent to the morpholide N
atom. There are, of course, only six such C—H bonds versus
the nine in 2.

) 25 °
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\
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zero point, thermal and entropic corrections (at 298.15 K). Values in
parentheses are derived from electronic energies computed with the
inclusion of solvent effects, with zero point energies, thermal and
entropic corrections taken from the gas phase calculations

A third possible reaction of 22 is f-hydride elimination
from 2-methylpropyl, and the potential surface for this
process is shown in Fig. 6. The activation energy to form
TS-30 is only +70.8 kJ mol ™" in solution, compared with
+107.0 kJ mol™" for reductive elimination (TS-23—
Fig. 4) and +92.6 kJ mol ™" for morpholide-promoted C—-H
activation (TS-26—Fig. 5). Following f-hydride transfer,
loss of either alkene or morpholine from complex 31 is
possible. We find that the most favourable reaction is loss
of morpholine to form 32 (—71.7 kJ mol_l), a result of the
stronger bonding between Pd and the alkene (confirmed
by calculation of the metal-alkene interaction energy
(—199.9 kJ mol ") compared with the metal-morpholine
interaction energy (—32.3 kJ mol™")). This is consistent
with our observation that a f-hydride transition state could
be located only for morpholide-assisted loss of hydride.

It would therefore appear that the most energetically
favourable reaction of 22 is f-hydride elimination. The
bulky 2-methylpropyl group impedes the formation of the
reductive elimination transition state resulting in a higher
activation energy for the coupling of 2-dimethylpropyl
with morpholide. Whilst the energy for f-hydride elimi-
nation is lower than for morpholide-promoted C-H acti-
vation leading to the metallacyclobutane 27, the increased
number of hydrogens available for the latter process could
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Fig. 5 Calculated relative energy level diagram (kJ mol™") of the
stationary points on the potential energy surface for morpholide-
promoted C—H activation of 2-methylpropane in 22. The energies
quoted are gas phase, including zero point, thermal and entropic
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electronic energies computed with the inclusion of solvent effects,
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the gas phase calculations

Fig. 6 Calculated relative energy level diagram (kJ mol™') of the
stationary points on the potential energy surface for the fS-hydride
elimination reaction from 2-methylpropyl in 22. The energies quoted
are gas phase, including zero point, thermal and entropic corrections
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very well offset this energy difference and make both
processes of comparable rate.

4 Conclusions

Our calculations indicate that choosing an alkyl group
without f-hydrides, such as neopentyl, in order to inhibit
f-hydride elimination, has a detrimental effect on the
possibility of (sp*)C-N reductive elimination; morpholide-
promoted C—H activation of neopentyl ‘Bu has a signifi-
cantly lower activation energy than reductive elimination
(c. +90 kJ mol™" vs. ¢. +130 kJ mol™"). Changing the
ancillary ligand from I'Bu to P(Cyp); in the neopentyl
complex has little impact, suggesting that the nature of the
alkyl group is the determining factor in the reaction path-
way taken, a conclusion supported by the observation
that the activation energy for reductive elimination in the
analogous phenyl system is less than half that in the
neopentyl.

Replacing neopentyl with 2-methylpropyl, to give
Pd(I'Bu)(2-methylpropyl)(morpholide), allows us to com-
pare the potential energy surfaces for three possible pro-
cesses; (1) reductive elimination (2) morpholide-promoted
C-H activation and (3) f-hydride elimination. Our calcu-
lations indicate that the activation energies for these pro-
cesses increase in the order (3) < (2) < (1).

We conclude that Pd-catalysed alkyl amination reactions
are far from facile. Even in the event of circumventing
p-hydride elimination, the reaction is further complicated
by morpholide-promoted C-H activation, a previously
unreported mechanistic pathway of lower energy than the
desired reductive elimination.
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