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ABSTRACT: The Buchwald−Hartwig amination has been investigated theoret-
ically and experimentally to examine the scope of possible bases under different
reaction conditions. Nonpolar solvents resist the formation of new charges.
Therefore, the base should be anionic to be able to deprotonate the neutral
palladium−amine complex and/or expel the anionic leaving group (bromide). The
calculated barrier for the organic base DBU was found to be prohibitively high. In
polar solvent, dissociation of bromide becomes possible, but here the base will
instead form a complex with palladium, creating an overly stable resting state. The
conclusions for both solvent classes hold for both a hindered monodentate phosphine and the labile bidentate ligand BINAP.
The computational studies were supported by experimental testing of a range of bases using BINAP in two different solvents,
toluene and DMF.

■ INTRODUCTION

Aryl amines are ubiquitous in natural products and druglike
substances. As a consequence, the development of metal-
mediated protocols for their synthesis has been of immense
importance in both industry and academia. A key example of
this, the palladium-catalyzed Buchwald−Hartwig aryl amination
(Scheme 1),1 is now regarded as a vital tool in the organic
chemist’s synthesis toolbox.2

Because of extensive experimental3−5 and theoretical4−7

investigations, we know much about the mechanism and special
requirements of the Buchwald−Hartwig reaction.8 A simplified
catalytic cycle summarizing the more important findings is
depicted in Figure 1. The precatalyst forms a Pd(0)−ligand
complex that undergoes oxidative addition with the aryl
electrophile, in common with most palladium-catalyzed
coupling mechanisms. In the next step, the amine nucleophile
is coordinated to the metal and deprotonated by the base. The
catalytic cycle is closed by reductive elimination, yielding the
final arylated amine product while regenerating the active
catalyst.
Only certain ligands function well in this cycle. Among the

most widely used are the Buchwald family of electron-rich
monophosphine ligands.9 Their mode of binding to the Pd
center does in fact display some bidentate character through π-
coordination from the second aryl ring, as has been shown both
experimentally10 and by crystallization of the intermediate

complexes.11 In Pd(II) complexes with hindered monodentate
or hemilabile ligands like the biaryl phosphines, the strong trans
effect of the aryl group allows the formation of T-shaped
complexes where the position trans to the aryl group is
empty,12 opening a facile entry path for the amine substrate.
The hemilabile behavior can also be displayed with some bis-
phosphine ligands, such as BINAP, allowing this class of ligand
to also result in effective catalysis of the reaction (vide inf ra).
The detailed order of the coordination and deprotonation

steps is still unclear, with several complexes in rapid and not
easily studied equilibrium.8 It is obvious from relative pKa
values that the amine can be deprotonated by commonly used
bases like alkoxides only if the amine has already been activated
by coordination to the metal. However, it is not known whether
the base always has to coordinate first, expelling the leaving
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Scheme 1. General Scheme for Buchwald−Hartwig Aryl
Amination

Figure 1. Simplified catalytic cycle for Buchwald−Hartwig aryl
amination.
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group X, or whether an external base can deprotonate the
amine in a coordinatively saturated square planar palladium
complex. The details of this part of the catalytic cycle may be
important in determining which bases can be competent in the
overall reaction.
Experimentally, it is necessary to distinguish between

different types of amine nucleophiles. Anilines and other
moderately acidic nitrogen functionalities like amides are easily
arylated even when the base is relatively mild and/or
unhindered (e.g., hydroxide and substituted phenolates).13

On the other hand, dialkyl amines are more resistant to
deprotonation and seem to require tert-butoxide or other
alkoxide bases of similar basicity.1c As a corollary, dialkyl amine
arylation requires more rigorous drying than the corresponding
aniline arylation, because trace water will convert any strong
base to relatively weak hydroxide, reducing the efficiency in the
reaction of alkyl amines.
This work stems from a project in which Buchwald−Hartwig

amination is performed in flow. Successful implementations
have already been reported by others14,15 for the relatively
simple and water-tolerant case of aniline arylation. For the
purpose of this study, we wish to focus on a pharmaceutically
relevant reaction between an aryl bromide and a dialkyl amine.
Under these circumstances, bases such as t-BuOK or t-BuONa
in combination with an aryl bromide will lead to production of
KBr or NaBr, respectively, each of which has a low solubility in
solvents that are compatible with arylation of alkyl amines15

and are therefore incompatible with most flow reactors. In this
work, we were interested in investigating whether it is possible
to use an alternative, neutral base that will avoid precipitation in
a relevant solvent (i.e., a solvent that will not react with strong
bases).
We investigated our chosen reaction both experimentally and

computationally. To facilitate the theoretical study, we chose
experimentally relevant, small model systems to avoid extensive
conformational equilibrations (Figure 2). As a starting point,

we selected the simplest possible electrophile, phenyl bromide,
and a pharmaceutically relevant yet simple amine, morpholine.
Of the experimentally competent ligands, the simplest is t-Bu3P,
introduced into Buchwald−Hartwig amination by Nishiyama et
al.16 and shortly thereafter demonstrated to allow coupling at
room temperature when Hartwig and co-workers used a 1:1
ratio of ligand to palladium.17 The same model system was
recently studied by McMullin et al., using similar computational
methods.6 Most of our computational studies have been
performed with this small model system. On the basis of the
results from the smaller system, we have also extended our
study to include the BINAP ligand, as well as an alternative
substrate, N-methylpiperazine. We have also challenged our
predictions about reactivity under different conditions by
experimental testing.
The most frequently used bases in the arylation of alkyl

amines are tert-alkoxides; therefore, we chose the simplest
representative of this class of base, t-BuO−, for our computa-

tional study.a Experimentally, both sodium and potassium salts
work well. In the theoretical study, the counterion gives
intractable problems with solvent coordination and conforma-
tion sampling.18 Thus, we did not include the counterion in any
of our calculations. We note that charge separation leads to
high uncertainties in energies calculated with continuum
solvation models and therefore avoid drawing conclusions
from small calculated energy differences between complexes
with different overall charges.
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) has been dem-

onstrated to function well in the arylation of anilines under
microwave irradiation19 and was therefore our primary
candidate in the computational study. We were also interested
in solvents with different polarities and how they would affect
the preference for different mechanistic pathways with both
types of bases. We therefore selected two solvents with ample
experimental precedent, nonpolar toluene (simulated by
continuum parameters for benzene) and polar aprotic DMF.
Computationally, these were represented by continuum
models.
DFT calculations were conducted at the B3LYP/LACVP*

level, with corrections for dispersion as specified in the
computational details. Geometries were determined in the gas
phase, with thermodynamic and solvation corrections calcu-
lated at the final converged geometries. Only final free energies
are reported; all energy components used in the calculation of
the final energies can be found as Supporting Information.
All free energies herein are based on the B3LYP-D3 results,

but to test the method dependence, we have also recalculated
the most important energies using M06/LACV3P*. The
relative energies of different points on the path, found in the
Supporting Information, change by only 2−4 kJ mol−1 when
going from B3LYP-D3 to M06.

■ RESULTS AND DISCUSSION

The Buchwald−Hartwig amination has been studied theoret-
ically by McMullin et al.6 Our methods differ slightly from
theirs (we include a dispersion correction in the final free
energies and use a smaller basis set), but for large parts of the
reaction, our results agree closely. We will here summarize
briefly our results for the parts of the mechanism in which our
studies overlap, before going into the major focus of our study,
the role of the base. The major common features of the free
energy profile (FEP) are depicted in Figure 3.
The starting point in a catalytic cycle is arbitrary, but visual

identification of selectivity-determining steps depends on
comparing with steps on both sides.20 It is therefore good
practice to duplicate parts of the FEP to allow rapid visual
identification of important reaction features.21 We have elected
here to include the reductive elimination transition state (RE
TS) and the prereactive complex 5 twice in Figure 3. Thus, the
first instance of 5 and RE includes the energies of all the
reagents (PhBr, morpholine, and t-BuO−), whereas the second
instance includes the energies of all products (N-phenyl-
morpholine, t-BuOH, and Br−). We have chosen to use the
energy of the RE TS as a reference, allowing a simple
determination of the overall barrier as the negative of the
energy of the lowest preceding point on the FEP. The
difference between the two occurrences of the RE TS
corresponds to the overall calculated exergonicity of the
catalytic cycle, 294 kJ mol−1 in benzene with tert-butoxide as
the base.

Figure 2. Model systems used in this study.
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Looking at the overall shape of the FEP in Figure 3, we see
that we have two effectively irreversible steps (i.e., transition
states that are higher than all subsequent points on the FEP20),
the oxidative addition (OA) and the reductive elimination
(RE). For each of these, the energy barrier is the difference
between the TS energy and the energy of the lowest preceding
point. We will discuss each of these steps in turn.
In here, we will first briefly summarize our findings for the

oxidative addition and reductive elimination, where the results
are similar to those of previous studies, whereupon we will
report more extensively on the coordination and proton shift
equilibria found in the Pd(II) part of the catalytic cycle (the
boxed part of Figure 3).
Oxidative Addition. The oxidative addition is common to

most palladium-catalyzed couplings and has been investigated
in detail.8 The starting point, a Pd(0) complex, can be
generated in many different ways, but with hindered
phosphines like t-Bu3P, it is now well established that the
path goes through a Pd(0) complex with the aryl bromide and
one ligand (1).22 The transition state TS[1−2] for conversion
of 1 to the oxidative addition product 2 is only 20 kJ mol−1

above 1 in benzene, in qualitative agreement with earlier
studies.23 Complex 1 can be obtained by association of aryl
bromide to a monoligated Pd(0) complex (3)23 or by
associative displacement with other bis-ligated Pd(0) com-
plexes.22 In a recent study, McMullin et al. concluded that the
associative displacement is the most likely option for aryl
bromides,22 and our current results are well aligned with this
conclusion. The mono-phosphine−Pd complex 3 is >40 kJ
mol−1 higher in energy than either the reactant complex 1 or
the product complex 4, and even 26 kJ mol−1 higher than the
OA TS, making it unlikely that 3 is on the true reaction path.
There are several other potential intermediates or off-cycle
Pd(0) complexes, such as a bis-phosphine complex or Pd

complexes of other frequently employed species like dba.24 The
bis-phosphine complex has been shown to be substantially
more stable than prereactive complex 1, leading to an effective
increase in the activation barrier.23 The barrier to oxidative
addition would be the energy difference between TS[1−2] and
the lowest energy of any kinetically accessible Pd(0) complex
preceding the OA TS. However, in general, this step is not
expected to be rate-limiting with a good leaving group like
bromide, especially not when the ligands have been chosen to
be strongly hindered, avoiding the formation of low-energy
polyligated Pd(0) complexes.25

The immediate oxidative addition product, complex 2, is 57
kJ mol−1 lower in energy than the OA TS. Thus, the reverse
reaction does not have a very high barrier. However, in this
case, it can easily be seen that the OA TS is higher in energy
than all subsequent points, making the step effectively
irreversible,20 as any intermediate will prefer a forward rather
than a backward reaction.

Reductive Elimination. In close accordance with the study
of McMullin et al.,6 we find that the preferred reductive
elimination occurs from the T-shaped complex 5, where again
the position trans to the phenyl group is empty (Figure 3). Hoi
et al. also investigated a transition state for a square planar
complex with an additional bound amine and found it to be
higher in free energy than the corresponding TS arising from a
T-shaped complex.4 In close agreement with the situation seen
in the oxidative addition, the product complex (4) is
substantially more stable than the separated components (3 +
product), by ∼45 kJ mol−1; the product complex 4 has a
stability very similar to that of the reactant complex 1. As
discussed in connection with the oxidative addition, this is just
one of many possible Pd(0) complexes, and not the most stable
one.23

Figure 3. Free energy profile (FEP) of the catalytic cycle in benzene. Curved lines represent monotonous reactions without a potential energy
barrier, that is, a diffusion-controlled free energy barrier of ∼20 kJ mol−1 to association.22 Dotted lines show multistep reactions with expected low
barriers, but potentially including low-energy intermediates. The boxed area includes multiple steps that we investigated further (vide inf ra).
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The transition state for oxidative addition is 164 kJ mol−1

higher in energy than the transition state for reductive
elimination when looking in the forward reaction direction. It
should be noted that this energy difference is very sensitive to
the exact experimental conditions. The intervening steps
include the dissociation of bromide and the action of the
base on the amine. Thus, an immediate effect of changing the
base strength is that the relative energy of these two transition
states will change. It should also be realized that all calculated
energies refer to a standard state in which all species considered
have a concentration of 1 M.26 The reality is of course much
different, and in nonpolar solvents in particular, the bromide
concentration will be severely limited by solubility. If the
bromide liberated from 2 precipitates out of solution, the
bromide dissociation will, in effect, be irreversible, irrespective
of the calculated energy.
Changing the solvent and base has an only minor effect on

the relative energies of all steps in Figure 3 up to the oxidative
addition but can have a very strong effect on subsequent steps.
We will now look in detail at the effects in the boxed region of
Figure 3, from OA to RE, and discuss different bases and
solvents separately.
Alkoxide Base in a Nonpolar Solvent. The potential

intermediates on the path from oxidative addition product 2 up
to the reductive elimination, TS[5−4], are shown in Figure 4.
The overall computational system is anionic; energies for
intermediates shown as neutral also include the energy of the
separated anion, tert-butoxide or bromide. We take as the
starting point the T-shaped OA product, complex 2, which has
an open coordination site. Such complexes are configurationally
labile, in particular when one ligand has a free electron pair that
can be used to migrate to a neighboring open site (Figure 5).12

Thus, as long as the T-shaped complexes are energetically
accessible, cis and trans forms will equilibrate rapidly. We only
show the most stable form of each complex in Figure 4. The
two ligands with the strongest trans effects will have an
electronic preference for a cis arrangement, but the steric cost
for this arrangement can be high.27 Among the remaining

ligands, the one with the weakest trans effect (or the empty
coordination site) will have an electronic preference for a
position trans to the aryl group.12

The amine or base can coordinate to the empty site of one of
the cis−trans isomers of 2. Association to an empty
coordination site is generally calculated to be a monotonous
downhill process and thus can be seen as a diffusion-controlled
process with an effective free energy barrier of ∼20 kJ mol−1.22

Considering first the direct amine coordination, the resulting
square planar complex 6 will be deprotonated and the bromide
will be dissociated before reductive elimination, but the order of
these steps is not a priori obvious. However, in the nonpolar
solvent, it is clear that dissociation of bromide from a neutral
Pd complex, leading to charge separation, is strongly disfavored.
Formation of the separated ion pair (7) is endergonic by 189 kJ
mol−1. On the other hand, association of the base with a
hydrogen bond from the coordinated amine is strongly favored,
and the proton transfer occurs with a negligible barrier. The
bromide is dissociated from the resulting anionic complex in an
exergonic process, to yield neutral complex 8, which retains a
hydrogen bond to the protonated base, t-BuOH. Dissociation
of t-BuOH leads to complex 5, which undergoes reductive
elimination as already discussed.
Complex 8 is a T-shaped complex with an open coordination

site and is thus in equilibrium with several more stable species,
leading to an increase in the effective barrier. The hydrogen-
bonded t-BuOH can migrate to the open coordination site and
will simultaneously transfer the proton back to the amide in a
concerted process to yield complex 9. The same complex could
also be formed directly from 2 through association of the base
to yield anionic complex 10, dissociation of bromide to give T-

Figure 4. Pd(II) section of the reaction in benzene with t-BuO− as the base.

Figure 5. T-Shaped complexes are labile when one ligand has a free
lone pair.12
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shaped complex 11, and finally association of the amine to give
9. Because all barriers are low, it does not matter by which
paths the low-energy complexes are formed. As long as all
transition states are significantly below that of TS[5−4], the
kinetic profile of the reductive elimination will depend on only
the nature of the lowest-energy preceding point, the resting
state. At −78 kJ mol−1, complex 9 is one of our best candidates
for the resting state.
An even lower-energy complex would be obtained by

dissociating the phosphine from complex 9 and associating
another morpholine ligand to form complex 12. The energy
differences are small (78 or 82 kJ mol−1 does not correspond to
a significant difference in the computed barrier), but the
observation raises the question of whether the phosphine ligand
is needed for the reaction. However, a reductive elimination TS
in which the phosphine has been replaced with an amine ligand
has a significantly higher barrier, as the forming Pd(0) is no
longer stabilized by back-donation.
Organic Base in a Nonpolar Solvent. Attempting to

utilize DBU as a base in the reaction gives a drastically different
result. The oxidative addition product with coordinated amine,
complex 6, is now among the most stable structures in the
manifold. Attempts to introduce DBU as a hydrogen bond
acceptor lead to a vdW complex only marginally more stable
than 6. Forcing a deprotonation and dissociation of bromide
yields the necessary complex 5, but now at a prohibitive cost of
>200 kJ mol−1, giving a calculated barrier of almost 300 kJ
mol−1. Thus, it is clear that DBU will be incompetent as a base
in a nonpolar solvent. This is not unexpected; nonpolar
solvents obviously resist the formation of charge inherent in a
proton transfer between neutral complexes. The only way we
have been able to find a reasonable deprotonation using DBU
in benzene has been to first liberate the bromide to generate a
cationic Pd complex. As already shown (Figure 4), this process
in itself carries a penalty of almost 200 kJ mol−1 in benzene. We
note that this penalty is in part due to the strong bond between
palladium and bromide; it has been shown previously that DBU
can function as a base in arylation of anilines at high
temperatures and under microwave irradiation with the more
easily dissociated leaving group nonaflate.19

We note that none of the species in Figure 6 include a
coordinated base. Thus, it is possible to calculate the barrier

change for other noncoordinating bases just by calculating the
difference in energy between neutral and protonated forms of
the base. Doing this for the very strong organic base P1 (vide
inf ra), that is, replacing the energies for DBU and DBU-H+ in
the barrier calculation with the energies for P1 and P1-H+, we
find that the barrier is reduced from the value of 287 kJ mol−1

we saw with DBU but is still prohibitively high (245 kJ mol−1).
Alkoxide Base in a Polar Aprotic Solvent. We have

chosen DMF as a typical polar aprotic solvent. The important

intermediates for the amine coordination, deprotonation, and
reductive elimination are shown in Figure 7. As for the
corresponding reactions in benzene, the deprotonation and
ligand association equilibria have negligible barriers. The same
intermediates are still present, but their relative energies have
shifted substantially compared to the situation in benzene. In
general, charge separation is much easier, the gain from
stabilizing negative charges is less significant, and hydrogen
bonds have lost most of their importance. Starting again from
the direct oxidative addition product 2, coordination of amine
to give 6 is still facile. From intermediate 6, we can still form a
hydrogen bond to the base, but the process is now slightly
endergonic. Proton shift and loss of bromide give neutral
complex 8. Loss of hydrogen-bonded t-BuOH gives 5 at a cost
of only 1 kJ mol−1. As before, 5 undergoes reductive
elimination with a moderate barrier.
A distinct difference from benzene is that direct dissociation

of bromide from 6 to yield cationic complex 7 is now a facile
process. Complex 7 can associate the base to yield 9. Complex
9 can also be formed directly from 2 by association of the base
to yield anionic complex 10, followed by facile dissociation of
bromide to yield 11. This species, despite being T-shaped and
having an open coordination site, actually has a free energy
lower than that of amine-coordinated species 9 and is now the
resting state in the catalytic cycle.
Similar to the situation in benzene, off-cycle diamine complex

12, without the coordinating phosphine ligand, is a low-energy
species. At a high amine concentration, 12 could be present at a
significant concentration. We have not found any species more
than 75 kJ mol−1 below the reductive elimination transition
state, TS[5−4], indicating that the reaction should be fast in
DMF.

Organic Base in a Polar Solvent. Employing DBU in
DMF gave results that were substantially more interesting than
those in benzene. As was indicated in Figure 7, cationic
complex 7 is energetically accessible in DMF. A neutral base
would therefore be able to operate with a constant charge,
opening a new, plausible pathway for the reaction.
Even in DMF, DBU is a substantially weaker base than t-

BuOK. The base strength is reflected in the diagram as the
energy difference between complexes 7 (where the energy
includes the free base) and 5 (where the energy of the
protonated base is included). We have chosen to retain TS[5−
4] as the reference point at 0 kJ mol−1, meaning that the
energies of complex 7 and all preceding points that also include
the free base implicitly will experience a downward shift
compared to Figure 7. The resulting free energy profile is
depicted in Figure 8.
Complex 2 can again coordinate either the amine or the base.

The neutral amine coordination complex 6 does not react easily
with the base; no hydrogen-bonded complex could be located
with DBU. However, as also shown in Figure 7, bromide
dissociation is facile. The resulting complex 7 can react with
DBU to give coordination complex 13 or hydrogen-bonded
complex 14. Under these conditions, complex 13 is the resting
state of the reaction. It is also possible to reach complex 13 by
associating DBU directly to 2, followed by dissociation of the
bromide and association of the amine (not shown). This
process is also facile but does not lead to any species lower in
energy than 13 and thus does not change the reaction behavior.
From complex 14, the proton transfers to DBU in an

endergonic process, yielding 5 via hydrogen-bonded complex
15. The overall barrier from resting state 13 to reductive

Figure 6. Selected structures from the Pd(II) manifold in benzene
using DBU as a base.
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elimination TS[5−4] is 119 kJ mol−1. This might be a feasible
barrier at high temperatures, but it is dangerous to draw
conclusions from absolute energies, in particular when the
comparison includes a change in overall charge. It is safer to
compare to the alkoxide reaction, which has a barrier of only 75
kJ mol−1 in DMF (Figure 7). An energy difference of more than
40 kJ mol−1 corresponds to a reaction that should be at least 7
orders of magnitude slower with DBU than with t-BuOK at
ambient temperature, with a slightly smaller difference at higher
temperature. This indicates that DBU will be an inferior base
also in DMF, but it might be competent at strongly elevated
temperatures with less coordinating leaving groups, as has been
observed previously.19

How about other organic bases? DBU is far from the
strongest of the available neutral bases. However, the resting
state incorporates the base, and it is reasonable to assume that

as the base becomes stronger, complex 13 will become more
stable. For the base to be competent in the reaction, the basicity
must be increased while at the same time complex 13 must be
destabilized, possibly by steric effects. However, the crowding
around the base must not be significant enough to interfere
with formation of hydrogen-bonded complex 14. The latter
consideration would exclude bases like proton sponge.

BINAP Ligand. Studying the reaction path with the BINAP
ligand is computationally demanding. The ligand is substan-
tially larger than t-Bu3P, with a resulting increase in
computation time for each structure. The backbone is rigid,
but the four pendant phenyl groups are flexible, necessitating
calculations of several conformers of each structure. Finally,
small bidentate ligands generally fail in the title reaction,
indicating that BINAP may switch to a monodentate binding
mode at some points along the reaction path. Thus, we have

Figure 7. Selected free energies in DMF with t-BuO− as the base.

Figure 8. Free energies of important intermediates when using DBU as the base in DMF.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo501817m | J. Org. Chem. 2014, 79, 11961−1196911966



limited ourselves to searching for low-energy complexes that
may inhibit the reaction and finding feasible, but not necessarily
the best, paths from the oxidative addition to the reductive
elimination. Our findings are summarized in Figure 9. To

simplify the comparison, names of structures are derived from
the corresponding complexes in Figure 4 by the addition of a B.
The energies for all intermediates with the two model solvents
and bases are listed in Table 1.

Reductive elimination, ligand exchange in Pd(0) complexes,
and oxidative addition are all feasible processes with bidentate
ligands. None of these processes incur a high energy penalty.
However, the oxidative addition product 2B is now a
coordinatively saturated square planar complex, which cannot
directly associate with an additional ligand. Mechanistic
possibilities include associative displacement through a trigonal

bipyramidal transition state or dissociation of the phosphine
trans to the aryl group to liberate a coordination site. We have
found the second possibility to be energetically feasible in both
solvents, which is all that is needed at this point. We cannot
exclude a direct associative displacement mechanism, but the
reaction behavior will not change even if more facile
interconversions between prereductive elimination complexes
can be found, as long as we have a feasible path from 2B to the
resting state, and from there to 5B. With a dissociated pendant
arm, the complexes can undergo processes analogous to those
depicted in Figure 4. Association of amine is now a slightly
endergonic process that yields 6B from 2B. Dissociation of
bromide to yield 7B is still not energetically feasible in benzene.
Replacement of the bromide in 2B with alkoxide gives the
resting state 11B. The energy cost for amine association with
liberation of one phosphine to reach 9B is only 17 kJ mol−1.
Proton transfer and elimination of t-BuOH give 5B. Subsequent
reductive elimination has an overall barrier of only 79 kJ mol−1

from 11B. It is possible to envisage a simultaneous amine
coordination and deprotonation from 11B directly to 5B via a
trigonal bipyramidal transition state; however, this can occur
only if the direct process has a low barrier compared to the
route via 9B, and even if it does exist, it will be kinetically
indistinguishable from the stepwise path with a liberated arm,
because the two processes share the same resting state and rate-
limiting transition state.
In DMF, the bromide can dissociate before reaction with the

base, giving direct access to cationic amine complex 7B.
However, base complex 11B is still strongly preferred. The
overall barrier is slightly lower in DMF than in benzene, only
75 kJ mol−1, but this small energy difference is probably not
significant in view of the approximations that go into the
continuum solvation energies.
DBU is still incompetent in both solvents, for reasons similar

to those with the monodentate ligand. Formation of the
protonated DBU is too costly in nonpolar solvent, and the
complex with amine, 7B, is too stable to allow facile reductive
elimination in DMF.
To support our experimental study (vide inf ra), we also

calculated the structures in Table 1 with N-methylpiperazine
instead of morpholine as the amine component. The results,
available as Supporting Information, agree closely with the
values in Table 1. Using tert-butoxide as a base, the overall
barriers have increased by only 4−5 kJ mol−1, and the barriers
using DBU are still prohibitively high, in both solvents.

Experimental Testing. For the experimental testing, we set
up a system closely reminiscent of the computational model,
but slightly more hindered on the aryl electrophile, to better
model some pharmaceutically relevant electrophiles. We also
changed the amine, morpholine, to the electronically very
similar N-methylpiperazine (Figure 10). For our standard
reaction, we used a palladium acetate/BINAP system, which
has previously been demonstrated to be robust in kiloscale
processes in the pharmaceutical industry.28 Most reactions were

Figure 9. Mechanistic possibilities with a BINAP ligand.

Table 1. Energies of BINAP Intermediates (Figure 9)
Relative to the Reductive Elimination TS (kilojoules per
mole)

benzene DMF

intermediate t-BuO− DBU t-BuO− DBU

2B 44 −262 28 −88
5B −63 −63 −65 −65
6B 49 −257 57 −59
7B 149 −157 −8 −125
9B −62 −137 −45 −86
11B −79 −167 −75 −123
RE TS 0 0 0 0
4B −145 −145 −142 −142

Figure 10. Experimental test system.
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conducted with toluene as a solvent at 110 °C, but a few tests
were performed in DMF at the same temperature.
The test system was assessed comparing two commonly used

tert-butoxide bases with some of the stronger organic bases that
are commercially available. The organic bases that were
assessed are summarized in Figure 11.

In line with the computational study, the strong alkoxide
bases give excellent conversions in both polar and nonpolar
solvents (Table 2); however, the organic bases, even the very
strong base P1, struggle to give any conversion.

These results confirm the calculated results that organic
bases, regardless of strength, give either disfavored transition
states in nonpolar solvents or overly stable resting states in
polar solvents, making them unable to effectively promote the
catalytic reaction.

■ CONCLUSION
Several conditions for the Pd-catalyzed arylation of morpholine
have been screened computationally. For the well-established
reaction using t-BuO− together with a hindered alkyl phosphine
in a nonpolar solvent, our results agree closely with those of the
preceding study of McMullin et al. The preferred path changes
in polar solvent, but the major features of the reaction path
remain similar. With the model organic base DBU, the reaction
barrier was predicted to be prohibitively large in nonpolar
solvent, mainly because of the penalty inherent in generating
charge separation in the nonpolar environment. The barrier was
predicted to be lower in polar solvent, but still not competitive
with alkoxide bases, in part because of the overly high stability

of the resulting complex between palladium and the base. In
general, a base complex seems to be either the resting state or
very close in energy to the resting state when employing
monodentate phosphines.
We have also located feasible pathways using a model

bidentate, experimentally competent ligand, BINAP. We have
shown that an energetically accessible pathway can be found if
one phosphine is dissociated after the oxidative addition to
allow ligand exchange and formation of the critical Pd−amide
intermediate. However, we have not been able to exclude other
possible pathways for this system.
Experimental testing verified the major conclusions of the

computational study. The alkoxide base is competent with all
tested ligands and solvents, whereas all neutral organic bases
were completely unreactive under all conditions tested.

■ EXPERIMENTAL SECTION
1-(2,4-Dimethylphenyl)-4-methylpiperazine. A Radley’s car-

ousel tube was evacuated and backfilled with nitrogen three times,
before being charged with palladium acetate (11.2 mg, 0.05 mmol, 5
mol %), rac-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (62.3 mg, 0.1
mmol, 10 mol %), and m-terphenyl (20 mg, IS). Solvent (toluene or
DMF, 5 mL) was then added and the reaction mixture heated to 40
°C. Once the mixture was at temperature, N-methylpiperazine (222
μL, 2.0 mmol, 200 mol %) was added and the reaction mixture stirred
for 10 min. To this were then added 1-bromo-2,4-dimethylbenzene
(136 μL, 1.0 mmol, 100 mol %) and base (see Table 2; 1.4 mmol, 140
mol %) and the reaction mixture heated to 110 °C. Reaction sampled
after 1 h and conversion was calculated by HPLC against the internal
standard: 1H NMR (500 MHz, CDCl3) δH 7.00−6.93 (m, 3 H, 2 × Ar-
H), 2.91 (t, J = 4.75 Hz, 4 H, 2 × CH2), 2.57 (br s, 4 H, 2 × CH2),
2.35 (s, 3 H, CH3), 2.27 (s, 6 H, 2 × Ar-CH3); HRMS found (API+)
(M + H)+ 205.170, C13H21N2 requires M + H 205.1699. HPLC
conditions were as follows: Waters Acquity BEH-Phenyl 1.7 μm, 4.8
mm × 3.0 mm column, 5% MeCN in water, gradient to 95% MeCN
over 7.5 min, held at 95% MeCN for 0.5 min, 2 mL/min, 40 °C, 232
nm, 0.03% TFA. The retention times were 4.4 min for 1-(2,4-
dimethylphenyl)-4-methylpiperazine and 5.3 min for m-terphenyl.

Computational Details. All structures were determined using
Becke’s three-parameter hybrid functional29 (B3LYP)30 together with
the LACVP* basis set31 as implemented in Jaguar.32 All minima and
transition state structures were fully optimized in the gas phase and
characterized by inspection of the normal modes calculated from the
analytic Hessian. An empirical term for long-range dispersion was
included using DFT-D3 v1.3 by Grimme.33 The thermodynamic
contributions to the free energy were calculated using a temperature of
383 K, with pressures selected to reproduce the density of each solvent
under an ideal gas approximation,34 361 atm for benzene and 417 atm
for DMF.

The solution free energy was calculated at the final geometries using
the PBF method35 in Jaguar, with parameters describing benzene
[dielectric constant (ε) of 2.284 and probe radius of 2.600 Å] or DMF
(ε of 36.7 and probe radius of 2.490 Å). Final free energies were
calculated by adding the thermodynamic and dispersion contributions
to the calculated energies in solvent.

Gas phase and solvent energies using M0636 with the LACV3P*
basis set31 were determined for the geometries of TS[5−4] and the
resting states 9, 11, and 13. These energies are listed in the Supporting
Information.

■ ASSOCIATED CONTENT

*S Supporting Information
Cartesian coordinates and energies of all calculated structures.
This material is available free of charge via the Internet at
http://pubs.acs.org.

Figure 11. Strong organic bases assessed via the Buchwald−Hartwig
reaction.

Table 2. Experimental Test Systems, Using Bases Shown in
Figure 11a

base solvent conversion (%)b

1 NaOt-Bu PhMe >99
2 KOt-Bu PhMe 38
3 DBU PhMe <1
4 KOt-Bu DMF >99
5 DBU DMF <2
6 P1 PhMe <1
7 Barton’s base PhMe <3
8 [NBu4]3PO4 PhMe <3
9 MTBD PhMe <3
10c NaOt-Bu PhMe >99

aReactions conducted on a 1.0 mmol scale with 0.5 mol % Pd(OAc)2,
1.0 mol % BINAP, 2 equiv of NMP, and 1.4 equiv of base in 5 mL of
solvent. Pd(OAc)2 and BINAP were mixed at 40 °C prior to addition
of other reagents. The reaction temperature was 110 °C. bConversion
reported at a 1 h reaction time and calculated by HPLC against an
internal standard (m-terphenyl). cPd(t-Bu3P)2 used as a catalyst.
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■ ADDITIONAL NOTE
aWhen the use of alkoxide base is being modeled, the reported
energies always include the energy of an anion, that is, free
alkoxide, anionic Pd complex, or free bromide.
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