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We report the first example of intermolecular enantioselective
olefin hydroamination catalyzed by an Ir diphosphine system
for which a remarkable fluoride ion effect on both activity and
selectivity was found. Selectivities of up to 95% ee (enantio-
meric excess) and average turnover frequencies (Nt) of up to
3.4 h-1 at 75°C with a substrate to Ir ratio of 100 were obtained
for the model reaction of norbornene and aniline. We also report
a general synthesis of chiral dinuclear chloride-bridged Ir(I)
diphosphine complexes used as catalyst precursors for the title
reaction and the X-ray crystallographic characterization of one
of them.
Despite its synthetic potential and practical relevance, the

asymmetric catalytic olefin hydroamination is still an undevel-
oped reaction. Indeed, in addition to the lanthanide-catalyzed
enantioselective olefin hydroamination/cyclization reported by
Marks and co-workers,1 to the best of our knowledge no
intermolecular version of this reaction is known. So far,
transition metal catalysts for the intermolecular hydroamination
of unactivated olefins hardly afford turnover numbers of more
than ca. 0.08 h-1 at 1 atm and medium temperature.2 Organo-
f-element complexes are able to catalyze the same reaction of
unactivated olefins, such as 1-pentene, at a rate of up toNt )
0.4 h-1 at 60°C.1b
Casalnuovo, Calabrese, and Milstein2a have shown the

feasibility of catalytic hydroamination via N-H activation.3 In
particular, they demonstrated that the electron-rich Ir complex
[Ir(PEt3)2(C2H4)Cl] (1)4 cleanly oxidatively adds, e.g., aniline.
The Ir(III) hydrido amido species thus formed undergoes
insertion of norbornene leading to a well-characterized complex
containing a chelating alkylamino ligand, from which the
amination product is released upon reductive elimination.
However, this system did not afford more than up to 6 turnovers
in the catalytic experiments, in the presence of apparently
beneficial Lewis acids such as ZnCl2.
In view of preparing complexes analogous to1, containing

chiral chelating diphosphines, we found that [IrCl(C2H4)4]5 or

[IrCl(COE)2]2 smoothly reacts with Josiphos-type ligands6 and
with the axial chiral auxiliaries BINAP7 and Biphemp,8 respec-
tively, in toluene solution, affording in good yields the new
dinuclear derivatives2-6 shown in Chart 1.9 Complexes2-4
were isolated as an inseparable mixture ofcis/trans isomers.9

Well-characterized examples of this type of Ir(I) complexes are
extremely rare, although they are postulated intermediates in a
number of catalytic and stoichiometric reactions.10 Derivative
5 has been characterized by X-ray crystallography (see the
Supporting Information for full details) and an ORTEP view is
shown in Figure 1.11 As expected, the core of the dinuclear
complex is butterfly-shaped, with an angle of 126° between the
coordination planes of the two only slightly distorted square-
planar Ir centers. The dihedral angles between the two pairs
of naphthyl planes are 74.06° and 76.83°, respectively, values
that lie in the upper range for BINAP complexes.7

Complexes2-6were used as catalyst precursors in the model
hydroamination of norbornene with aniline (Scheme 1). The
reactions were performed without solvent and with a catalyst
concentration of 1 or 2 mol % Ir throughout (Table 1). In order
to compare the catalytic activity of the different precatalysts, a
common reaction time of 72 h was adopted. First experiments,
performed with the (R)-(S)-Josiphos complexes2 at 50 °C,
have shown the clean but slow formation ofexo-(2-phenylami-
no)norbornane (7) in 12% yield and 51% ee (2S).12 The
correspondingendo-isomer was formed in traces, whereas the
product derived fromo-alkylation of aniline2c was not detected.
We reasoned that the goodπ-donating properties of fluoride as
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a ligand, together with its tendency to form hydrogen bridges,13

could enhance the propensity toward N-H oxidative addition.

However, we were not able, so far, to prepare the fluoro
analogues of any of the complexes2-6. Nevertheless, both
activity and enantioselectivity benefitted from the addition of
co-catalytic amounts of “naked” fluoride,14 added as a benzene
solution of phosphazenium fluoride-P2.15 Inspection of Table
1 shows that for complexes2 the presence of 1 equiv of fluoride
leads to an increase of the catalytic activity by a factor of ca.
6.5 and, strikingly, to a reversal of enantioselectivity, as
compared to the case without fluoride.16 Furthermore,7 is the
only product formed (81% isolated yield). Other Josiphos-type
ligands (precatalysts3 and4) afforded much lower activities
and selectivities.
Similarly, the (S)-BINAP complex5 was found to act as a

rather modest catalyst precursor when used without fluoride
(12% yield, 57% ee). The addition of 4 equiv of fluoride and
a higher reaction temperature of 75°C doubled the yield and
raised the ee to 95%, the highest ee ever observed in hydroami-
nation. Matching results were obatined with complex6,
containing the ligand (R)-Biphemp (up to 92% ee).
Due to the high basicity of the “naked” fluoride anion,14b

anilide could be produced by deprotonation of aniline. It has
been shown that addition of LiNHPh is necessary to promote
the condensation of aniline with norbornene when a rhodium
catalyst is used.2b,c However, when 1 equiv of LiNHPh per Ir
was added to2, instead of fluoride, the catalyst lost all its
activity.
In conclusion, we have shown that Ir17 complexes of the type

2-6 in the presence of “naked” fluoride constitute suitable
catalyst precursors for the enantioselective addition of the aniline
N-H bond across the double bond of norbornene. We are
currently broadening the scope of this reaction and attempting
to elucidate the decisive role of the fluoride anion in this
catalytic process.
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Figure 1. ORTEP view of5 (50% probability ellipsoids). Selected
interatomic distances (Å) and angles (deg) are as follows: Ir(1)-P(1)
2.196(2), Ir(1)-P(2) 2.200(2), Ir(1)-Cl(1) 2.398(2), Ir(1)-Cl(2) 2.425-
(2), Ir(2)-P(3) 2.202(2), Ir(2)-P(4) 2.205(2), Ir(2)-Cl(1) 2.425(2),
Ir(2)-Cl(2) 2.417(2), Ir(1)-Ir(2) 3.322(2); P(1)-Ir(1)-P(2) 91.16(8),
Cl(1)-Ir(1)-Cl(2) 79.27(7), Ir(1)-Cl(1)-Ir(2) 87.00(6), Ir(1)-Cl(2)-
Ir(2) 86.58(7), Cl(1)-Ir(2)-Cl(2) 78.89(7), P(3)-Ir(2)-P(4) 90.93-
(8).

Scheme 1

Table 1. Fluoride Effect on Activity and Stereoselectivity in the
Ir-Catalyzed Addition of Aniline to Norbornenea

catalyst
precursor T [°C] [F-]/[Ir] yield [%] d (Nt, h-1) ee[%]f (abs conf)

2b 50 0 12 (0.17) 51 (2S)
2b 50 0.25 76 (1.05) 31 (2R)
2b 50 1 81 (1.11) 50 (2R)
2b 50 4 51 (0.71) 16 (2R)
2b 25 1 12 (0.17) 60 (2R)
2b 75 1 81 (3.37)e 38 (2R)
3b 50 1 27 (0.38) 9 (2R)
4b 50 1 36 (0.50) 26 (2R)
5c 50 0 12 (0.08) 57 (2R)
5c 75 2 45 (0.31) 78 (2R)
5c 75 4 22 (0.15) 95 (2R)
6c 50 1 13 (0.09) 51 (2S)
6c 75 1 37 (0.26) 43 (2S)
6c 75 2 27 (0.19) 69 (2S)
6c 75 4 24 (0.17) 92 (2S)

a Reaction conditions: [IrCl(PP)]2 + commercially available P2-
fluoride (0.5 M in benzene), no solvent, workup after 72 h.b 1 mol%
Ir. c 2 mol% Ir. dDetermined after flash chromatography. Traces of the
endo-isomer of the product were detected only if experiments were
carried out in absence of fluoride.eReaction time) 24 h. f Determined
by HPLC using a Daicel Chiralcel OJH column and eluting with an
hexane/i-PrOH mixture (90:10 v/v; 0.5 mL/min;T ) 25 °C; retention
times (2R)-7 15.5 min, (2S)-7 17.2 min).
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