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ABSTRACT: The Pd0-catalyzed coupling of racemic
heterobiaryl bromides, triflates, or nonaflates with aryl/
alkyl primary amines using QUINAP as the ligand
provides the corresponding axially chiral heterobiaryl
amines with excellent yields and enantioselectivities.
Reactivity and structural studies of neutral and cationic
oxidative addition intermediates support a dynamic kinetic
asymmetric amination mechanism based on the labilization
of the stereogenic axis in the latter and suggest that
coordination of the amine to the Pd center is the
stereodetermining step.

In recent years, significant advances have been achieved in the
field of asymmetric cross−coupling, in particular for the

synthesis of axially chiral biaryls.1 In sharp contrast, the direct
asymmetric heteroaryl-aryl cross-coupling remains as an unmet
challenge,2 limiting the access to functionalized heterobiaryls
with appealing structures for their use as ligands in asymmetric
catalysis. As a remarkable example, the use isoquinoline-amino
naphthalene (IAN) and related derivatives, which can be seen as
N(sp2),N(sp3) analogues of QUINAP, have been scarcely
investigated.3 A plausible explanation is the poor availability:
There are no commercially available representatives, and their
synthesis still requires chromatographic separation of diastereo-
meric mixtures (Scheme 1, eq 1),4 while the lack of a general and
practical method of synthesis has also limited the structural
diversity of known ligands of this type. Recently, we have
reported a novel strategy for the synthesis of functionalized
heterobiaryls based on dynamic kinetic asymmetric C−C5 and
C−P6 bond formations starting from heterobiaryl triflates to
ensure the formations of cationic oxidative addition intermedi-
ates (Scheme 1, eq 2). Stimulated by the growing potential of
related axially chiral heterobidentate ligands,7 we decided to
focus on the development of dynamic kinetic Buchwald−
Hartwig (DYKAT: dynamic kinetic asymmetric transformation)
amination of heterobiaryl electrophiles for the asymmetric
synthesis of axially chiral IAN-type diamines (Scheme 1, eq 3).
The unprecedented asymmetric amination of heterobiaryls is a

particularly challenging goal due to the specific conditions
required. First, a strong base is generally needed to achieve good
reactivities, so that compatibility issues might arise with the
heterobiaryl triflates used in previous DYKAT processes. Second,
the racemization barriers for IAN amines are significantly lower
than those of arylated products I or QUINAP-type products II,8

making it necessary to work under exceptionally mild
conditions.9 In order to minimize the hydrolysis of the starting
material, we started using the coupling between nonaflate
(±)-1A10 and aniline 5a as a model reaction for the synthesis of
IAN 6Aa, using NaOtBu as the base, dry toluene as the solvent at
60 °C, and 10 mol % Pd(dba)2/12 mol % ligand as the catalyst
system (Scheme 2).
Ligands that showed a good performance in related processes

were selected for a preliminary screening: Hydrazone-based
ligands L1-L2, which provided good to excellent enantioselec-
tivities in asymmetric Suzuki−Miyaura reactions,11 and
TADDOL-derived phosphoramidites L3, which exhibited an
excellent behavior in dynamic kinetic Suzuki−Miyaura cou-
plings,5 showed a poor activity, and only in the case of ligand L2 a
relatively high enantiomeric excess (72% ee) was observed.
Similarly, ferrocene-based ligands L4-L5, previously used in C−P
coupling reactions,6 or commercially available axially chiral P,P
and P,O-ligands such as L6-L8 afforded moderate yields (18−
76%) and variable enantioselectivities (4−67% ee). Taking into
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Scheme 1. Synthetic Approaches to IAN Amines
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account the poor results provided by the atropo P,N-ligand
QUINAP L9a in dynamic kinetic C−P bond formation,6a it was
rather surprising to see the high level of enantioselectivity (87%
ee) observed in this case, although partial hydrolysis of the
starting (±)-1A resulted in an unsatisfactory 45% yield. This
undesired hydrolysis, however, could be avoided in two ways.
First, it was possible to use a less nucleophilic base such as
Cs2CO3, and the desired diamine (R)-6Aa was obtained in near
quantitative yields while maintaining the level of enantioselec-
tivity (Table 1, entry 1). At 50 °C, these mild conditions could
also be applied to the amination of triflate (±)-2A with a slightly
lower yield (entry 2). Second, we speculated whether 1-(2-
bromonaphthalen-1-yl)isoquinoline (±)-3A could also be a

suitable substrate in this reaction. Although this material afforded
disappointing results in dynamic kinetic asymmetric Suzuki
coupling,5 the reaction of (±)-3A with aniline 5a using NaOtBu
as the base under the above conditions afforded the desired
product (R)-6Aa in 95% yield with 89% ee in a shorter reaction
time (17 h, entry 3). The reactions of (±)-1A, (±)-3A and even
chloride (±)-4A could also be performed at 50 °C, leading to
slightly better enantioselectivities (entries 4−6). Other QUINAP
and QUINAZOLINAP-type ligands L9b−g containing modified
diaryl and dialkyl phosphino groups6a were also tested in the
model reaction, but unfortunately, none of them led to improved
enantioselectivities (entries 7−12). Racemization studies
performed with a toluene solution of 6Aa at 60, 80, and 100
°C showed that, after 48h, the product is configurationally stable
at 60 °C, but slowly racemizes at 80 °C and above.
With the optimized conditions (entry 5) at hand, the scope of

the methodology was explored using different bromides
(±)-3A−C and amines 5a−m (Table 2). The reaction of
bromide (±)-3A (Series A) and arylamines 5a−c and 5g−h
worked well at 50 °C, affording the coupling products 6Aa−c and
6Ag−h with excellent yields and 90−96% ee in acceptable
reaction times (∼25 h). Sterically hindered and electron-poor
amines 5d−f and 5h−j required longer reaction times (30−48
h), and a higher reaction temperature of 60 °C was also needed
for the latter, but in all cases the corresponding products 6 were
obtained in good yields and enantioselectivities (88−93% ee).
Interestingly, p-chloro- and p-bromo-anilines 5e and 5f are
suitable substrates, highlighting the higher relative reactivity of
the heterobiaryl bromide, which can be attributed to the directing
effect by the isoquinoline N atom. Aliphatic amines 5k−m could
also be coupled using 4−10 equiv of amine and 4 equiv of
NaOtBu to give the desired products (R)-6Ak−m in good to
excellent yields (61−86%) and 86−91% ee after 72 h at 60 °C.
Bromide (±)-3B showed similar reactivity patterns, and the
desired diamines 6Ba-m were obtained in good to excellent
yields and 86−93% ee. Finally, bromide (±)-3C was also used in
atroposelective amination with anilines 5a−d,g,j to afford C-
series products. A higher reaction temperature (60 °C) and
longer reaction time (45 h) were in general required, but good
yields (72−98%) and enantioselectivities (88−91% ee) were also
achieved. As a limitation, poor reactivity was observed when
secondary amines were used as reagents.
Compounds (R)-6Bf and (R)-6Bl were obtained in

enantiopure form (>99% ee) after crystallization. Additionally,
X-ray analysis of the former was used to assign the absolute Ra
configuration. Similarly, X-ray analysis of the cationic complex
{Cu(I)[(R)-6Aa]2}

+PF6
− was used to confirm the absolute R

configuration of (R)-6Aa. The absolute configuration of other
products 6A−C was assigned by analogy assuming a uniform
reaction pathway.
The free IAN amine (R)-7 could be obtained after Pd-

catalyzed deprotection of allylamine (R)-6Am using N,N′-
dimethylbarbituric acid as the reagent12 (Scheme 3). Addition-
ally, products 6 are direct precursors of axially chiral N-oxides7b

by virtue of the selective N(sp2) oxidation performed with m-
CPBA, as illustrated with the synthesis of (R)-8. Compared to
the previously developed Suzuki coupling,5 the better perform-
ance of (±)-3A can be explained for the different reaction
conditions applied in this case. According to the mechanism
depicted in Scheme 4, the base is believed to play a dual role,
behaving also as an efficient bromide scavenger thanks to the low
solubility of NaBr in toluene. In order to provide some support
for this hypothesis, we tackled the isolation of the oxidative

Scheme 2. Ligand Screeninga

aReactions conditions: 0.1 mmol 1A in toluene (2 mL), 2 equiv of 5a,
2 equiv of NaOtBu. Ee’s were determined by chiral HPLC analysis. See
the Supporting Information (SI) for a more comprehensive screening.

Table 1. Optimizationa

substrate base T (°C) L yield (%) eeb

1 (±)-1A Cs2CO3 60 (S)-L9a 99 88
2c (±)-2A Cs2CO3 50 (S)-L9a 81 92
3d (±)-3A NaOtBu 60 (S)-L9a 95 89
4 (±)-1A Cs2CO3 50 (S)-L9a 84 90
5 (±)-3A NaOtBu 50 (S)-L9a 90 91
6 (±)-4A NaOtBu 50 (S)-L9a 92 89
7 (±)-3A NaOtBu 60 (S)-L9bf 99 84
8 (±)-3A NaOtBu 60 (S)-L9cg 98 77
9 (±)-3A NaOtBu 60 (S)-L9d 98 61
10 (±)-3A NaOtBu 60 (R)-L9e 26 50
11 (±)-3A NaOtBu 60 (R)-L9f 77 68
12 (±)-3A NaOtBu 60 (S)-L9gh 78 20

aReactions conditions: 0.1 mmol scale in toluene (2 mL), 2 equiv of
5a, 2 equiv of base. bDetermined by chiral HPLC analysis. ct: 48 h. dt:
17 h. f98% ee. g96% ee. h99% ee.
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addition intermediates from heterobiaryl triflate (±)-2A and
bromide (±)-3A. The equimolar reaction of the former with (S)-
L9a and [Pd(Cp) (allyl)] afforded the cationic OA intermediate
OAI+(OTf) in 88% yield after crystallization (Scheme 5). The
single-crystal X-ray diffraction analysis of this complex showed
the expected five-membered, cationic palladacycle structure and

confirmed that the angles φ1 [C(39)−C(40)−C(41)] and φ2
[C(40)−C(41)−C(42)] are significantly wider (127.6° and
125.0°, respectively) than the ideal value of 120°. The structure
reveals also a severe distortion of the square planar geometry at
the PdII center (torsion angle of 23.1° between the P−Pd−N(1)
and the C(50)−Pd−N(2) planes), with a Pd−N(1) bond longer
than the Pd−N(2) one (2.141 and 2.098 Å, respectively), as a
consequence of the stronger trans influence by the aryl ligand.
This complex was treated with aniline (20 equiv) and Cs2CO3
(20 equiv) to afford (R)-6Aa after 7 h at 50 °C in 57% yield and
74% ee.13 Although an apparent (Sa) configuration is observed,
we assume that the aforesaid widening of angles φ1 and φ2 results
in a rapid interconversion of atropoisomers.14 In the same way,
equimolar amounts of (S)-L9a, bromide (±)-3A, and [Pd(Cp)
(allyl)] were made to react overnight at 80 °C in toluene; 1H
NMR and 31P NMR analysis of the crude reaction mixture
revealed a complex mixture15 in which signals assigned to the
cationic OA intermediate OAI+(Br) were identified. Stoichio-
metric reaction of this mixture with aniline quantitatively
afforded the product (R)-6Aa with 87% ee. Additionally, crystals
of the neutral intermediate (R)-OAI(Br) suitable for X-ray
diffraction analysis could be obtained from this mixture. In this
complex, the bromine atom remains attached to the Pd center
[Pd−Br bond length 2.491 Å], and the isoquinoline and 2-
naphthyl rings are placed in a near perpendicular arrangement. It
is assumed that the reaction of this mixture with the base results
in a Br− to tBuO− ligand exchange facilitated by the low solubility
of NaBr in toluene. Arguably, the poorer coordinating ability and
bigger size of the counteranion favor the formation of the
cationic intermediateOAI+(tBuO), fromwhich the coordination
of the amine 5 generates the amination intermediate AI in the
enantioselectivity determining step. It is worth noting that the
structure of the proposed OAI+(tBuO) intermediate should
closely mimic that of the isolated complex OAI+(OTf),
accounting for the similar stereochemical result through both
intermediates.
In summary, we have developed a new and efficient procedure

for the asymmetric synthesis of IAN-type N,N-ligands based on a

Table 2. Dynamic Kinetic Asymmetric C−N Couplings: Scopea

aReaction conditions: 0.1 mmol scale in toluene (2 mL), 2 equiv of 5, 2 equiv of NaOtBu, t: 22−48 h (see SI). b4 equiv of NaOtBu and 4 equiv of 5
were used. c4 equiv of NaOtBu and 10 equiv of 5 were used. d(R)-L9a was used. e>99% ee after crystallization.

Scheme 3. Representative Transformations

Scheme 4. Proposed Amination Mechanism
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dynamic kinetic asymmetric Buchwald−Hartwig amination of
racemic heterobiaryl electrophiles. The use of QUINAP as the
ligand allowed the isolation of the products in high yields and
good to excellent enantioselectivities. The isolation of cationic
and neutral oxidative addition intermediates supports a
mechanism based in the labilization of the stereogenic axis in
the former.
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