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In 2003, we reported that aniline derivatives could be
selectively coupled to aryl halides in the presence of
aliphatic amines using Pd catalysts with biarylphos-
phine ligands[1]—chemoselectivity that was not well-
understood at the time.[2] To clarify the origin of this
selectivity, we have studied the formation of amine
complexes using an aryl palladium oxidative addition
complex recently reported by our lab.[3] From these
studies, we have isolated and characterized the first
neutral aryl palladium amine complex that is a
competent intermediate in a C�N cross-coupling
reaction. For various amines, we have determined the
relative binding constants to the oxidative addition
complex and described how selectivity in the catalytic
arylation of amines is influenced by the electronic
properties of the amine. Additionally, we have shown
how selectivities observed in C�N cross-coupling
reactions using neutral amines can be reversed through
use of the corresponding lithium amides.
The preparation of oxidative addition (1) and

amine (2) complexes using 2-dicyclohexylphosphino-
2’,6’-dimethoxy-1,1’-biphenyl (SPhos) is illustrated in
Figure 1.[4] Complex 1, formed from PhCl and [SPhosPd0],
exists in the solid state as a dimer with bridging chloride
ligands (see the Supporting Information).[3] The addition of
propylamine to 1 results in the formation of amine complex 2,
which is monomeric. Complexes 1 and 2 are both chemically
and kinetically competent intermediates in the formation of
N-propylaniline.

Complex 2 is the first isolated and structurally charac-
terized example of a free amine bound to {LPd(Ar)X} (L=
monophosphine), a presumed intermediate in the Pd-cata-
lyzed aryl amination process (Scheme 1).[5] As expected, the

N�Pd bond length of 2 (2.14 4) is longer than those observed
in tricoordinate monoligated amido complexes (2.07–
2.09 4).[6] An additional noteworthy feature of the X-ray
structure of 2 is the positioning of the lower (non-phosphine-
containing) aryl ring of SPhos away from the palladium
center. Calculations and NMR spectroscopy experiments
have shown that the monomer of 1 interconverts between a
species where the ipso carbon of the lower aryl ring is
coordinated to the palladium center and a species where a
methoxy group is coordinated to the palladium center.[3]

Figure 1. Synthesis of complexes 1 and 2. X-ray crystal structure of 2 (thermal
ellipsoids at 30% probability).

Scheme 1. Catalytic cycle for the phenylation of H2NPr using SPhos.
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These results are consistent with
Caryl�P bond rotation before or
concurrent with the binding of the
amine. Thus, we have obtained
structural evidence that suggests
that the ability of the ligand to
undergo Caryl�P bond rotation will
likely have profound effects on the
reactivity of the associated palla-
dium complex. This influence has
been previously suggested by our
group through the use of DFT
calculations for amidation reac-
tions.[7]

Complex 1 was treated with
various amines to evaluate their
relative binding affinities to oxida-
tive addition complexes within a
catalytic cycle. Figure 2 shows the
31P NMR spectra that result from
the addition of Bu2NH (Figure 2a)
and aniline (Figure 2b) to 1 in
separate reactions. In each spec-
trum, a signal corresponding to the
amine complex is visible, and no
evidence of 1 remains. Upon com-
bining 1.2 equivalents of both
Bu2NH and aniline with 1 (Fig-
ure 2c), it is clear from the
31P NMR spectrum that Bu2NH
exhibits a much greater binding
affinity; no evidence of aniline
binding is observed. However, when NaOtAm (tAm= 1,1-
dimethylpropyl) is added to the NMR tube, diphenylamine is
the only product observed. These data suggest that the
process is under Curtin–Hammett (C–H) control, for which
the nominal contributor to the
dynamic equilibrium between 3
and 4 is most reactive.[8]

To define more clearly the
influence of amine binding and
acidity on selectivity, we measured
the relative binding affinity of a
series of amines to 1, thus correlat-
ing binding and acidity to the
selectivity obtained in competitive
catalytic cross-coupling reactions
with PhCl. Binding constants are
presented in Table 1 and listed
relative to morpholine.[9] The abso-
lute Kbinding for aniline was deter-
mined to be (3.39� 0.08)m�1, from
which other absolute binding con-
stants can be extrapolated.[10]

To conduct competition reac-
tions under catalytic conditions, 1
was employed as a precatalyst. In
Table 1, the ratio of selectivity
values (S) for two amines repre-

sents the relative selectivity observed in catalytic competition
reactions with PhCl using precatalyst 1. From comparisons of
relative binding constants, pKa values, and S values within the
series of amines, it is clear that a separate correlation of

Figure 2. 31P{1H} NMR spectra of 1 with a) excess dibutylamine, b) excess aniline, and c) 1.2 equiv of
dibutylamine and aniline.

Table 1: Relative binding constants of different amines to complex 1 and selectivies observed in
competition reactions between two amines.

Entry Amine Kbinding (rel)
[a] DGb [kcalmol�1] pKa

[b] S[a,c,d]

1 C6H5NH2 0.004�0.001 3.27�0.17 4.60 9.37(9.42)[e]

2 p-MeC6H4NH2 0.010�0.003 2.72�0.22 5.07 11.1
3 p-MeOC6H4NH2 0.032�0.002 2.04�0.04 5.34 13.4
4 p-Me2NC6H4NH2 0.057�0.006 1.70�0.06 6.08 14.6

5 (MeOCH2CH2)2NH 0.28�0.02 0.75�0.05 8.51[f ] 0.034
6 Bu2NH 1.94�0.02 �0.39�0.01 11.25 0.016

7 N-Boc piperazine[g] 0.83�0.02 0.11�0.01 8.28 1.22
8 morpholine 1.00 0.00 8.36 1.00
9 piperidine 5.32�0.09 �0.99�0.01 11.22 0.667

10 tBuNH2 0.29�0.01 0.73�0.02 10.55 0.001
11 sBuNH2 3.29�0.07 �0.71�0.01 10.56 0.262

[a] Average of two measurements. [b] pKa values (in H2O) taken from ref. [11a–d]. [c] S values relative to
morpholine [d] Determined by GC. [e] Conducted at 100 8C using Cs2CO3 as base. [f ] pKa value estimated
using ref. [11d] [g] Boc= tert-butyloxycarbonyl.
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binding and acidity to selectivity exists within the series of
anilines (Table 1, entries 1–4) and within the series of
aliphatic amines (Table 1, entries 5–11). Within the series of
aliphatic amines, the relative acidity of the amine complex has
more influence on the observed selectivity than the relative
binding affinity of the amine. This trend can be observed by
comparing groups of isosteric aliphatic amines (Table 1,
entries 5 and 6 or 7–9). When the butyl groups of dibutyl-
amine are replaced with methoxyethyl groups (Table 1,
entries 5 and 6), selectivity is increased more than two-fold
owing to enhanced acidity, despite a seven-fold decrease in
binding ability. When electron-withdrawing groups are
inserted into the backbone of piperidine (Table 1, entries 7–
9), greater selectivity is likewise observed for the more
electron-deficient (lower pKa)

[11, 12] amine, despite a necessary
decrease in binding ability. Such electronic control is also
observed when an aliphatic amine competes against an aniline
derivative, as the coupling is invariably more selective for the
more acidic, less nucleophilic aniline substrates. These results
are all consistent with C–H control.
In contrast, within the aniline series, product determina-

tion appears to be governed by relative binding ability.[13] The
S value is highest for p-Me2NC6H4NH2 (Table 1, entry 5),
which binds the strongest. For anilines that are more electron-
deficient than p-Me2NC6H4NH2, it appears that the effect of
enhanced acidity gained from binding to palladium no longer
outweighs the decreased binding affinity, and poorer selec-
tivity results. Thus, selectivity within the aniline series does
not seem to be under C–H control.
Finally, when amine binding differs on account of steric

differences rather than pKa differences, as with sBuNH2 and
tBuNH (Table 1, entries 10 and 11) or Bu2NH and piperidine
(Table 1, entries 6 and 9), arylation is more selective for the
less sterically encumbered amine as a result of its greater
binding affinity.[14–16]

To illustrate the important role that the deprotonation
step plays in product determination, three competition
reactions analogous to those of Table 1 were performed in

which lithium amides were employed instead of neutral
amines (Table 2). In each reaction, a dramatic reversal of
selectivity from that of Table 1 was observed. For reactions
involving lithium amides, the binding/deprotonation step is
eliminated from the catalytic cycle, and selectivity is deter-
mined by the relative nucleophilicity and steric bulk of the
lithium amides as well as by the solvent employed. The

greater solubility of LiNBu2 over LiN(H)Ph likely contributes
to the complete chemoselectivity reversal observed in diox-
ane. In DME, where both lithium amides are completely
soluble, steric and nucleophilic differences between the
lithium amides likely influence the observed selectivity the
most. Thus, in cases where the acidity of the amine complex
determines the overall chemoselectivity, use of the corre-
sponding pre-deprotonated lithium amide permits a reversal
of chemoselectivity.
In conclusion, we have isolated and crystallographically

characterized the first neutral aryl palladium amine complex
(2) that is an intermediate within a catalytic cycle. Using
complex 1, we have shown that between isosteric aliphatic
amines, amine acidity is the primary influence on the
selectivity (C–H control), while between isosteric anilines,
amine binding is more influential (no C–H control). When
amine acidity has more influence on selectivity, the intrinsic
selectivity can be circumvented by employing the correspond-
ing lithium amides and removing the deprotonation step from
the catalytic cycle. The trends established by correlating
binding and nucleophilicity to selectivity demonstrate that the
origin of amine selectivity cannot be explained simply by
steric effects, and that electronic properties of the amines
must also be considered. The information gathered from these
studies provides insight both into the mechanism of C�N
couplings using biaryl phosphines and into the feasibility of
achieving chemoselective C�N cross-coupling reactions.
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