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Introduction

Enantioselective hydrogenation of olefins with chiral rhodi-
um or ruthenium catalysts has reached a very high level of
development.[1] Nevertheless, there are still many classes of
substrates that give unsatisfactory results with these cata-
lysts. Unfunctionalized olefins are particularly difficult sub-
strates because, in general, a polar group adjacent to the
C=C bond, which coordinates with the metal center, is re-
quired for high catalyst activity and enantioselectivity. There
are only few examples of highly enantioselective hydrogena-
tions of olefins devoid of a coordinating group.[2,3,4] We have

recently found a new class of catalysts, namely, iridium com-
plexes with chiral P,N ligands, which overcome these limita-
tions.[5] These catalysts showed exceptionally high activity
with unfunctionalized olefins and, in many cases, they react-
ed with excellent enantioselectivity. In addition, promising
results were also obtained for certain functionalized alkenes
for which no suitable catalysts were available. In terms of
reactivity, Ir–phosphinooxazoline (PHOX) complexes[5a] re-
semble the Crabtree catalyst,[6] an achiral cationic (phos-
phine)(pyridine)Ir complex.

There is little known about the nature of the catalytically
active species and the mechanism of hydrogenation with
these iridium catalysts. Shortly after completion of the work
described herein, a computational study together with some
kinetic data of Ir–PHOX catalysts was published by Brandt
et al.[7] A catalytic cycle that proceeded via iridium(iii) and
iridium(v) species was proposed, based on DFT calculations
and the observed first-order rate dependence on the hydro-
gen pressure and the zeroth-order dependence on the sub-
strate concentration. Although such a mechanism is compat-
ible with the kinetic data, the experimental facts accumulat-
ed so far do not exclude a more conventional IrI–IrIII cycle.

The counterion of the cationic Ir complex plays a crucial
role in the catalytic process.[5] Coordinating anions, such as
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Abstract: In the asymmetric hydroge-
nation of unfunctionalized olefins with
cationic iridium–PHOX catalysts, the
reaction kinetics and, as a consequence,
catalyst activity and productivity
depend heavily on the counterion. A
strong decrease in the reaction rate is
observed in the series
[Al{OC(CF3)3}4]

�>BArF
�>

[B(C6F5)4]
�>PF6

�@BF4
�>CF3SO3

� .
With the first two anions, high rates,
turnover frequencies (TOF>5000 h�1

at 4 8C), and turnover numbers (TONs)
of 2000–5000 are routinely achieved.
The hexafluorophosphate salt reacts
with lower rates, although they are still
respectable; however, this salt suffers

from deactivation during the reaction
and extreme water-sensitivity, especial-
ly at low catalyst loading. Triflate and
tetrafluoroborate almost completely in-
hibit the catalyst. In contrast to the
hexafluorophosphate salt, catalysts
with [Al{OC(CF3)3}4]

� , BArF
� , and

[B(C6F5)4]
� as counterions do not lose

activity during the reaction and remain
active, even after all the substrate has
been consumed. In addition they are
much less sensitive to moisture and, in

general, rigorous exclusion of water
and oxygen is not necessary. A first-
order rate dependence on the hydrogen
pressure was determined for the BArF

�

and the PF6
� salts. At low catalyst load-

ing, the rate dependence on catalyst
concentration was also first order. The
rate dependence on the alkene concen-
tration was strikingly different for the
two salts. While the reaction rate ob-
served for the BArF

� salt slightly de-
creased with increasing alkene concen-
tration (rate order �0.2), a rate order
of �1 was determined for the corre-
sponding hexafluorophosphate at low
alkene concentrations.
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halides, and even the weakly coordinating triflate almost
completely deactivate the catalyst. The hexafluorophosphate
salt exhibits a high reactivity with fast initial rates; however,
at low catalyst loadings, it suffers from deactivation before
the reaction is complete. Surprisingly, the bulky lipophilic
tetraarylborate anion BArF

� (tetrakis(3,5-bis-trifluorometh-
yl-phenyl)borate)[8] strongly enhances the lifetime of the cat-
alyst so that high rates and full conversion can be achieved
at low catalysts loadings. Herein we report the results of a
kinetic study of Ir–PHOX catalysts with different anions
that clearly show how the anion influences the reactivity
and stability of the catalyst.

Results and Discussion

Initial studies with the [Ir(PHOX)]BArF catalyst 3d : The
hydrogenation of (E)-1,2-diphenyl-1-propene (1) was chosen
as the standard reaction for our studies (Scheme 1). All re-
actions were set up under inert conditions. Five minutes
after pressurizing the autoclave with hydrogen gas, the reac-
tion was started by turning on the stirrer. The reaction mix-

ture in the autoclave was kept at a constant hydrogen pres-
sure, and the progress of the reaction was monitored by
measuring the pressure drop in a high-pressure reservoir
that supplied hydrogen to the autoclave. The maximum re-
action rate, vmax [molL�1 h�1], and conversion were deter-
mined from the hydrogen consumption curve. The conver-
sion was determined independently by GC and the enantio-
meric excess (ee) by HPLC on a chiral column at the end of
the reaction. No samples were taken during the reaction be-
cause this would have influenced the rate measurements.

Typical hydrogen consumption curves for the hydrogena-
tion of substrate 1 at 4 and 25 8C with the [Ir(PHOX)]BArF

catalyst 3d are shown in Figure 1. An induction period is
observed in the initial phase of the reaction. During the first
minutes, the curve is dominated by gas transfer to the liquid
phase induced by stirring. In the subsequent, more impor-

tant part of the induction period, the active catalyst is gener-
ated by hydrogenation and concomitant dissociation of 1,5-
cyclooctadiene (cod). Sometimes, especially for low catalyst

concentrations, a relatively
long induction period was ob-
served. From rhodium-cata-
lyzed hydrogenation it is
known that catalyst activation
by cod hydrogenation may
take a considerable amount of
time.[9] The induction period is
followed by a relatively long
linear section of the curve that
indicates constant hydrogen
consumption. Maximum rates
were taken from this linear
section. However, for reactions
with long induction periods,
the choice of the reaction sec-
tion with the maximum rate
was not always unambiguous.
Therefore, the data should be
interpreted with caution.

Data from reactions with
different catalyst loadings showed a nonlinear relationship
between rate and catalyst concentration, with decreasing
turnover frequencies (TOFs) at higher catalyst loadings.
This confirmed earlier findings[5b] that the reaction at 25 8C
is gas–liquid mass-transfer limited, even at low catalyst load-
ings of 0.1 mol%. Therefore, subsequent experiments were
all performed at 4 8C to reduce the reaction rate. With 0.1
mol% catalyst at 4 8C, the reaction time was prolonged to
45 min for full conversion compared to 15 min at 25 8C. In
addition, a longer induction period was observed at low
temperatures (Figure 1).

The experimental set-up, purification procedures, and
handling of the reaction components strongly influence the
reproducibility of the rate measurements. Earlier experi-
ments at 25 8C with catalyst 3d could be reproduced with
deviations of the maximum reaction rates below 7%. At

Scheme 1.

Figure 1. Hydrogen consumption curves for 3d at two temperatures and
14 bar H2.
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4 8C, the rates were about two times faster than those deter-
mined previously. A possible explanation for this difference
could be the deactivating effect of water (vide infra) or
other impurities. Even with the utmost care taken to exclude
moisture and air, the content of residual water in the reac-
tion mixture cannot always be kept at the same level. How-
ever, within the same series of experiments that used the
same catalyst, substrate, and solvent batches, the results
were reproducible.

Comparison of catalysts with different anions: To study the
influence of the counterion, BArF

�[8] and PF6
� salts (3d, 3a)

were compared to the corresponding [B(C6F5)4]
� , CF3SO3

� ,
[Al{OC(CF3)3}4]

� ,[10] and BF4
� salts (3e, 3c, 3 f, and 3b, re-

spectively). The aluminate salt 3 f was synthesized from the
iridium(cod)chloro dimer, PHOX ligand, and the air- and
water-stable lithium aluminate Li[Al{OC(CF3)3}4]

[10c,11] fol-
lowing standard procedures. Complex 3 f was crystallized
and characterized by single-crystal X-ray diffraction (Table 1
and Figure 2). The overlay of the cations in 3 f and 3a

showed no significant differences. The smallest distances be-
tween anion and cation are measured from the ortho-tolyl
group (242 pm between F and methyl, 254 pm between F
and the para-H). Closest contacts between PF6

� and the
cation in 3a are of similar order: 246 pm between the oxazo-
line-CH2 and F, 251 pm between o-Tol-CH3 and F, and
253 pm between tBu and F.

The catalytic activity of complexes 3a–f was compared
under standard conditions at 4 8C, 14 bar H2, and 0.1 mol%
catalyst loading (Table 2 and Figure 3). Complex 3 f, con-

taining the aluminate anion, [Al{OC(CF3)3}4]
� , is the most

active catalyst found so far: vmax = 1.86 molL�1 h�1 corre-
sponding to a maximum turnover frequency (TOFmax) of

5059 h�1, which is approximate-
ly 10% faster than the rate ob-
served with the corresponding
BArF

� salt 3d and the same
catalyst loading. The rate in-
duced by catalyst 3e with the
perfluorinated tetraphenylbo-
rate is 17% slower than that
with 3d. In summary, the three
complexes 3d, 3e, and 3 f are
the most efficient catalysts and
give full conversion with very
high TOFs.

For the triflate salt 3c, no
conversion was observed based
on the hydrogen consumption
and GC analysis of the reac-
tion mixture. At 50 bar and
1 mol% catalyst, traces of
product were formed; howev-

Table 1. Selected bond lengths [pm] and angles [8] in 3 f. For the cation,
values for both independent moieties in the unit cells are given with the
crystallographic esdNs. The values for the anion are averaged over all
bonds with standard deviations given in parentheses.

Ir�P Ir�N Al�O O�C(CF3)3 C�F

229.2(1) 210.2(3) 171.0(8) 134.3(10) 132.3(5)
228.55(13) 209.3(4)

P-Ir-N O-Al-O

85.15(9) 109.5(2)
85.99(14)

Figure 2. Single-crystal X-ray structure of 3 f with two molecules per unit cell. Ellipsoids drawn at 30% proba-
bility level with Ortep-3 for Windows.[21]

Table 2. Hydrogenation with 0.1 mol% catalyst salts 3 with six different
anions.[a]

Catalyst vmax [molL�1 h�1] GC conversion [%] ee [%] (R)

3a 0.63 52 97.3
3b 0.12 13 97.9
3c 0 0 n.d.
3d 1.70 >99 96.9
3e 1.42 >99 97.2
3 f 1.86 >99 97.3

[a] Reaction conditions: 2.5 g (12.896 mmol) 1, CH2Cl2 (35 mL), 4 8C, stir-
ring at 1200 min�1, 14 bar H2.

Figure 3. Hydrogen consumption for catalytic reactions with 0.1 mol%
of 3 with six different anions at 14 bar H2, 4 8C, stirring speed
1200 min�1.
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er, conversion was less than 1%. The lack of reactivity is
probably caused by coordination of the triflate anion to the
cationic iridium center.[12] The tetrafluoroborate salt 3b is
slightly more active, but only 13% conversion was observed
after 60 min at 14 bar H2 and 4 8C. At 50 bar and room tem-
perature with 1 mol% catalyst, 70% conversion was ob-
tained. In summary, the catalytic activity of complexes 3a–f
strongly depends on the anion and increases in the order
CF3SO3

�<BF4
� !PF6

�< [B(C6F5)4]
�<BArF

�<

[Al{OC(CF3)3}4]
� .

To check the activity of the catalyst after hydrogen
uptake had ceased, an additional 50% of the substrate was
added after release of the hydrogen pressure and purging
the autoclave with argon (see Table in the Supporting Infor-
mation). A remarkable difference between the PF6

� and
BArF

� salts (3a, 3d) was observed: whereas the PF6
� salt

had completely lost its activity, full conversion of the added
substrate was observed with the BArF

� salt. The maximum
rate was 0.32 molL�1 h�1 or 24% of the value obtained for
the first batch. This demonstrates that a significant part of
the catalyst must still be active after full conversion. Com-
plexes 3e and 3 f showed essentially the same behavior as
the BArF

� salt.
To examine the influence of a chiral anion, iridium-

PHOX complexes 5a and 5b with D-TRISPHAT[13] were
prepared (Scheme 2). Catalyst 5a, derived from the achiral

PHOX ligand 4a, produced a racemic product in the hydro-
genation of the standard substrate 1. Complex 5b, derived
from the chiral PHOX ligand 4b, induced the same enantio-
meric excess as the corresponding BArF

� salt. From these
findings we conclude that the anion is quite remote from
the coordination sphere of the iridium complex during the
enantioselective step, otherwise the chiral anion should ex-
hibit at least a small effect.

Solvent effects : The best solvent was found to be dichloro-
methane. More strongly coordinating solvents deactivate the
catalyst. 1,2-Dichloroethane and toluene can be used as well
with similar activities. Hydrogenation of the standard sub-
strate 1 with 0.1 mol% 3d in 1,2-dichloroethane proceeded
with 38% of the maximum rate observed in dichloro-
methane (Figure 4). Nevertheless, full conversion was ach-
ieved at 14 bar. On the other hand, the performance of the

PF6
� salt 3a is better in 1,2-dichloroethane than in dichloro-

methane. With 0.1 mol% of 3a in 1,2-dichloroethane, the
maximum reaction rate was 18% lower than in dichlorome-
thane; however, the conversion increased from 52% to
82%.

Only 75% conversion was obtained in small-scale experi-
ments with 0.1 mmol of substrate and 0.1 mol% catalyst 3d
in toluene at 50 bar H2 after 2 h. Although at a catalyst load-

ing of 0.1 mol%, the solubility
of the [Ir(PHOX)(cod)]+ pre-
cursor is not a problem, a signif-
icant amount of iridium hydrido
species precipitated as a viscous
yellow oil during the reaction. It
is possible that, after dissocia-
tion of the cod, the complex be-
comes less soluble and, there-
fore, is partially removed from
the reaction solution. Prelimina-
ry experiments indicate that iri-
dium catalysts with more lipo-
philic phosphinite ligands, which
enhance the solubility,[5f] are
more active in toluene.

Kinetic measurements were performed in toluene and
compared to analogous data obtained in dichloromethane.
The reactions were considerably slower and were stopped
after 75 min (3d) and 80 min (3e), respectively, when the
catalysts were probably still active. Catalyst 3d gave 67%
conversion, but the maximum rate (0.59 molL�1 h�1) was
only one third of the rate in dichloromethane. With complex
3e, only about 1/3 of the substrate was hydrogenated with
22% of the maximum rate in CH2Cl2.

Effect of water : Preliminary studies had shown that small
amounts of water can strongly deactivate the catalyst.
Therefore, the effect of water on the kinetics of hydrogena-
tion with 0.1 mol% of catalysts 3a, 3d, 3e, and 3 f was stud-
ied (Table 3). The reaction rate with 3d is decreased by
21% upon addition of 0.05% (v/v) water, but it still gives
full conversion. Complex 3a, on the other hand, is almost

Scheme 2.

Figure 4. Solvent effects for catalyst 3d.
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completely deactivated by the same amount of added water,
as seen by the strong decrease of conversion from >99% to
5%. This dramatic effect caused by small amounts of water
possibly explains why the performance of the PF6

� salt (3a)
at low catalyst loadings is critically dependent on the solvent
quality and reaction setup.[14]

The [B(C6F5)4]
� salt 3e is the least water-sensitive catalyst,

showing only a 6% rate decrease after addition of 0.05%
(v/v) water. While the [Al{OC(CF3)3}4]

� salt 3 f is the most
active catalyst under strictly anhydrous conditions, it is
strongly affected by the addition of water, resulting in a rate
decrease of 37% in the presence of 0.05% (v/v) water.
However, the reaction rate still remains at a respectable
level of 1.18 molL�1 h�1. The three catalysts 3d, 3e, and 3 f
all give full conversion in the presence of 0.05% (v/v) water.
Thus, at the expense of a modest rate decrease, small
amounts of water in the reaction medium can be tolerated.

The extreme water-sensitivity of the PF6
� salt 3a could ex-

plain why conversions were significantly lower in earlier
studies[5b] than the values reported here. In these early ex-
periments, hydrogen gas from a central supply system of
poorly defined quality was used. With high-purity hydrogen
gas (99.995%) under strictly anhydrous conditions, full con-
version was routinely achieved with catalyst loadings as low
as 0.4 mol%. We attribute these remarkable differences to
the sensitivity of the catalytic system towards water that
stems either from the solvent, the catalyst, the substrate, or
the hydrogen gas.

Variation of catalyst loading : Complex 3d is a highly active
catalyst giving full conversion at loadings as low as
0.02 mol% at room temperature. At 4 8C, more catalyst is
necessary to achieve full conversion. With less than
0.05 mol% at 4 8C, irreversible deactivation of the catalyst
takes place before the reaction reaches completion (86%
conversion with 0.025 mol%, 13% conversion with
0.01 mol%). To obtain full conversion with 3a, at least
0.4 mol% catalyst is necessary. As mentioned above, com-
plex 3a is highly sensitive to water and, therefore, full con-
version is only observed under strictly anhydrous conditions.
Otherwise, deactivation of the catalyst becomes a problem,
even at loadings of 2–4 mol%.

Hydrogen consumption curves for different concentra-
tions of catalyst 3a are shown in Figure 5. Analogous data

was obtained from complex 3d. At low catalyst loadings
(0.01–0.1 mol%), the rate order with respect to catalyst is
�1 (0.9 for 3a, 1.1 for 3d). At high catalyst loadings, the re-
action order strongly decreases for both catalysts (Figure 6).

This could be caused by gas–liquid mass-transfer limitation
at higher catalyst loadings or concentration-dependent deac-
tivation, for example, by formation of unreactive trimeric
hydride-bridged complexes.[15]

Table 4 lists the TOFmax for different catalyst concentra-
tions. The TOFmax values decrease from 4200 to 560 h�1

Table 3. Effect of water content.[a]

Catalyst Water vmax Decrease in GC conv.
[%] (v/v) [molL�1 h�1] vmax [%]

3a 0 0.63 >99
3a 0.05 <0.1 >86% 5
3d 0 1.70 >99
3d 0.05 1.35 21% >99
3e 0 1.42 >99
3e 0.05 1.34 6% >99
3 f 0 1.86 >99
3 f 0.05 1.18 37% >99

[a] Reaction conditions: 1 (0.368 molL�1) in dry CH2Cl2, 0.1 mol% 3, re-
actions set up under argon, with and without addition of degassed water,
4 8C, 14 bar H2, stirring at 1200 min�1.

Figure 6. Plot of the dependence of the maximum reaction rate on [cata-
lyst] for 3a and 3d. Data points correspond to 0.01, 0.05, 0.1, 0.4, and
1 mol% loading. All at 4 8C,[1]0 = 0.368 molL�1, 14 bar H2.

Table 4. Turnover frequencies (TOF) for different concentrations of 3a
and 3d at 4 8C

3a 3a 3a 3d 3d 3d
mol% TOFmax GC conv. ee TOFmax GC conv. ee
3 [h�1] [%] [%], (R) [h�1] [%] [%], (R)

0.01 4236 13 97.2 3588 3 n.d.
0.05 3600 58 98.0 5502 94 96.2
0.1 2976 78 97.4 4632 >99 96.6
0.4 1122 99 97.9 1338 >99 97.3
1 558 >99 98.0 59 >99 97.5

Figure 5. Hydrogen consumption at 4 8C, 0.01 to 1 mol% 3a (PF6),[1]0 =

0.368 molL�1, 14 bar H2.
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when the catalyst concentration is increased from 0.01 to
1 mol% for 3a and from 5500 to 60 h�1 between 0.05 and
1 mol% for [3d]0. The highest TOFmax was obtained for
0.05 mol% 3d, thus giving a TOFmax of 5500 h�1 with BArF

�

as the counterion at 4 8C. Catalysts 3e and 3 f gave similar
results (see Supporting Information).

In one experiment with 3d, seven samples were taken
during the course of the reaction to see whether the ee
changes with conversion. As shown in Table 5, the ee re-
mains constant within experimental error throughout the re-
action.

Variation of alkene concentration : The alkene concentration
was varied from 73.5 mmolL�1, which is the lowest value
from which reliable data could be obtained, to
735 mmolL�1, while the catalyst concentration was kept con-
stant at 368 mmol L�1. With 3d, a slight decrease in the reac-
tion rate was observed as the alkene concentration was in-
creased. A logarithmic plot of the data shown in Figure 7

yields a reaction order of �0.2 based on the alkene concen-
tration. This weak negative effect could be caused by impur-
ities in the alkene, which deactivate the catalyst. Because
the impurities increase proportionally to the alkene concen-
tration, while the amount of catalyst remains the same, the
catalytic activity decreases at higher alkene concentrations.
Changes in the solvent parameters, such as polarity resulting
from the higher alkene concentration, could also affect the
reaction rates. However, because of the difficulties in deter-
mining exact maximum rates (vide supra), the data should
be interpreted with caution. Nevertheless, the observed re-

action order, which is close to zero, implies that the alkene
is not involved in the rate-limiting step. Furthermore, there
is no significant influence of the alkene concentration on the
enantioselectivity.

Catalyst 3a shows a strikingly different behavior: a
double logarithmic plot reveals a rate order of �1 for
alkene concentrations between 0.074 and 0.26 molL�1. How-
ever, the pronounced induction periods observed in these
reactions lead to relatively large errors in the maximum
rates, which prevent a detailed analysis of the data. The
reason for the low rate at 0.74 molL�1 is unclear. Additional
measurements in the concentration range above 0.3 molL�1

will be necessary to reveal the rate dependence at high
alkene concentrations. Nevertheless, the data obtained at
low alkene concentration clearly show that the anion has a
strong effect on the reaction kinetics.

A possible origin of the striking difference between the
BArF

� and the PF6
� salt could be the stronger coordination

of the hexafluorophosphate ion. Coordination of the PF6
�

ion could either shift the equilibrium from an alkene com-
plex toward a hexafluorophosphate complex or slow down
the addition of the alkene to the iridium center to such an
extent that it becomes rate-limiting. In contrast, the very
weakly coordinating BArF

� ion does not interfere with
alkene coordination and, therefore, the catalyst is saturated
with alkene, even at low alkene concentrations. This inter-
pretation could also explain the much higher tendency of
the PF6

� salt to deactivate during the reaction. We found
that deactivation is accompanied by formation of an inactive
hydride-bridged trimeric iridium complex.[15] If this trimeri-
zation is responsible for the observed deactivation, then the
critical step in the catalytic cycle is the reaction of an iridi-
um hydride intermediate with the alkene, which competes
with trimerization. The reaction with the alkene is faster
with the BArF

� salt and, as a consequence, the productive
hydrogenation pathway dominates over trimerization.

The effects of BArF
�-containing additives, which were ob-

served in hydrogenations catalyzed by the hexafluorophos-
phate salt 3a, are in agreement with this explanation. When
a 1 molar equivalent of [NBu4][BArF]

[16] was added to a sol-
ution of 3a (0.1 mol%; 23 8C), conversion increased from
50% to �70%. Upon addition of an equimolar amount of
HBArF·Et2O,[16,15b] full conversion was observed and the rate
was accelerated by a factor of 1.8. On the other hand, addi-
tion of an equimolar amount of [NBu4][PF6] to complex 3d
led to a decrease in the conversion from 100 to 80% at
1 mol% catalyst loading. The higher productivity of the
hexafluorophosphate salt in the presence of the BArF

� ion
can be rationalized by partial formation of the more active
BArF

� salt by anion exchange. These observations and the
strikingly different kinetics of the BArF

� and the PF6
� salt

are evidence against another possible explanation that parti-
al hydrolysis of the anion, producing strongly coordinating
fluoride ions, is responsible for the higher deactivation ten-
dency of the hexafluorophosphate salt.

Variation of hydrogen pressure : The logarithmic plot of
maximum reaction rates versus the hydrogen pressure for
complex 3d shows a rate order of 1.0, as expected, if hydro-

Table 5. Change of ee values during the catalytic reaction with 0.1 mol%
3d at 14 bar H2 and 4 8C.

GC conversion [%] 9 18 26 35 43 54 84 average
ee [%], (R) 98.0 98.0 98.3 98.0 98.0 97.9 98.1 98.0�0.1

Figure 7. Double logarithmic plot of the dependence of the maximum re-
action rate on the alkene concentration for 3a and 3d (0.1 mol% each,
4 8C, 14 bar H2). The data points correspond to [1]0 = 0.074, 0.147, 0.257,
0.368, 0.552, and 0.736 molL�1. Linear fit for 3a : y = 0.64 + 0.98x (R2

= 0.85, s = 0.11), linear fit for 3d : y = �0.22�0.19x (R2 = 0.91, s =

0.026).
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gen is involved in the turnover-limiting step (Figure 8). For
the hexafluorophosphate salt 3a, an alkene concentration of
0.147 molL�1 was chosen, which is in the region where the
rate order in substrate was found to be unity (see above). In

this case, a rate order with respect to hydrogen of approxi-
mately 1.5 was found. As noted before, the maximum rate
values for the hexafluorophosphate 3a are significantly less
accurate than for the BArF

� salt 3a. Therefore, it cannot be
excluded that deviation from a first-order rate dependence
is caused by artifacts resulting from the pronounced induc-
tion periods in these reactions. Nevertheless, the data for
both catalysts 3a and 3d clearly show that hydrogen is in-
volved in the rate-limiting step.

A small but significant pressure effect on the enantiose-
lectivity in the hydrogenation with catalyst 3d was found in
reactions performed at room temperature (Table 6): if the
hydrogen pressure is increased from 5 bar to 96 bar, the ee
decreases from 97.5% to 95.4%. In energetic terms, this cor-
responds to a difference of 0.4 kcalmol�1 for the DDG�

values.

Conclusion

In the asymmetric hydrogenation of unfunctionalized olefins
with cationic iridium–PHOX catalysts, the reaction kinetics
and, as a consequence, catalyst activity and productivity
heavily depend on the counterion. A strong decrease of the

reaction rate is observed in the series [Al{OC(CF3)3}4]
�>

BArF
�> [B(C6F5)4]

�>PF6
�@BF4

�>CF3SO3
� . With the first

three anions, high rates and TONs of 2000–5000 are routine-
ly achieved. Evidently, extremely weakly coordinating
anions are required for this class of catalysts. The hexafluo-
rophosphate salt reacts with lower rates, although they are
still respectable. However, the efficiency and practicality of
this catalyst are affected by the observed deactivation
during the reaction and its extreme water-sensitivity, espe-
cially at low catalyst loadings. Triflate and tetrafluoroborate,
although they are weak ligands, almost completely inhibit
the catalyst. Catalysts with [Al{OC(CF3)3}4]

� , BArF
� , and

[B(C6F5)4]
� counterions are not only more reactive but also

more stable than the other salts evaluated in this study. In
contrast to the hexafluorophosphate salt, they do not lose
activity under the usual reaction conditions and remain
active even after all the substrate has been consumed. In ad-
dition, they are much less sensitive to moisture than the
hexafluorophosphate and, in general, rigorous exclusion of
water and oxygen is not necessary.

From kinetic data of the BArF
� and the PF6

� salts, an ap-
proximately first-order rate dependence on the hydrogen
pressure was determined for both complexes. This implies
that dihydrogen is involved in the turnover-limiting step. At
low catalyst loading, the rate dependence on the catalyst
concentration was also first order. These results are consis-
tent with the data reported by Brandt et al.[7] The rate de-
pendence on the alkene concentration was strikingly differ-
ent for the two salts. While the reaction rate observed for
the BArF

� salt slightly decreased with increasing alkene con-
centration (rate order �0.2), a rate order of �1 was deter-
mined for the corresponding hexafluorophosphate at low
alkene concentrations. Thus, in the former case, the alkene
is not involved in the turnover-limiting step, whereas it is in
the latter case. This remarkable anion effect could be the
origin of the stability difference between the BArF

� and the
PF6

� salt under the reaction conditions. Compared to
BArF

� , the hexafluorophosphate anion decreases the reac-
tion rate of the alkene with the catalyst, presumably by co-
ordination with the metal center. As a consequence, deacti-
vation leading to an unreactive trimeric hydridoiridium
complex competes with the productive hydrogenation path-
way. For the BArF

� salt, the reaction between the catalyst
and the alkene is much faster
and, therefore, dominates over
the deactivation process.

In summary, our kinetic data
show that iridium–PHOX
complexes with bulky, very
weakly coordinating anions,
such as BArF

� , [B(C6F5)4]
� , or

[Al{OC(CF3)3}4]
� , are highly

active and very productive cat-
alysts for the hydrogenation of

unfunctionalized olefins. Owing to their low oxygen and
water sensitivity, the catalysts can be easily handled under a
normal atmosphere and stored at room temperature without
decomposition. Further kinetic and mechanistic studies of
these catalysts are in progress.

Figure 8. Influence of the hydrogen pressure (5–50 bar H2, 4 8C). Condi-
tions: CH2Cl2, 4 8C; a) 0.1 mol% 3a, [1]0 = 0.147 molL�1; linear fit y =

�1.87 + 1.46x (R2 = 0.97, s = 0.09); b) 0.1 mol% 3d, [1]0 =

0.368 molL�1; linear fit y = �1.14 + 0.94x (R2 = 0.99, s = 0.03).

Table 6. Dependence of the enantioselectivity on hydrogen pressure for catalyst 3d[17] (CH2Cl2, 23 8C).

p(H2) [bar] 5 10 20 50 96
ee [%], (R) 97.5�0.5 97.4�0.3 97.3�0.1 96.2�0.3 95.4�0.3
DDG� [kcalmol�1][a] 2.57 2.55 2.52 2.32 2.20

[a] At T = 296.15 K.
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Experimental Section

General : Dichloromethane was freshly distilled from calcium hydride or
purchased in sure-seal bottles from Fluka and kept under an inert atmos-
phere. (E)-1,2-Diphenyl-1-propene (1) was purchased from Lancaster
and used without further purification, or it was prepared from acetophe-
none and benzylmagnesium chloride.[18] Hydrogen gas used in the experi-
ments was purchased at Carbagas Switzerland (quality 45, 99.995%). Iri-
dium complexes (�)-[(h4-1,5-cyclooctadiene)-{(4S)-2-[(2-(di-o-tolylphos-
phino)phenyl]-4,5-dihydro-4-tert-butyl-oxazole}iridium(i)]hexafluorophos-
phate (3a) and (�)-[(h4–1,5-cyclooctadiene)-{(4S)-2-[(2-(di-o-tolylphos-
phino)phenyl]-4,5-dihydro-4-tert-butyl-oxazole}iridium(i)]tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (3d) were prepared according to litera-
ture procedures.[5a,b] Complexes 3b and 3c were prepared from the
chloro complex through ion exchange with silver salts. Complex 3e was
prepared from NaB(C6F5)4, as for the BArF

� complex. HBArF·Et2O and
[NBu4]BArF were prepared according to literature procedures.[16]

Gas chromatography was carried out on a Carlo Erba HRGC Mega2
Series MFC800 (column: Restek Rtx-1701, 0.25 mm, 30 m, 60 kPa He).
HPLC analysis was performed with a Shimadzu SCL-10A with a Daicel
ChiralcelOJ column. GC: 21.0 min (1), 18.2 min (2), (100 8C, 2 min iso-
therm, 7 8C min�1, 250 8C, 5 min). HPLC: 13.9 min ((R)-2), 22.7 min ((S)-
2), 27.5 min (1), (ChiralcelOJ; 254 nm; heptane/2-propanol 99:1).

(�)-[(h4-1,5-cyclooctadiene)-{(4S)-2-[(2(di-o-tolylphosphino)phenyl]-4,5-
dihydro-4-tert-butyl-oxazole}iridium(i)] tetrakis(perfluoro-tert-butoxy)-
aluminate (3 f): To a stirred solution of (4S)-2-[(2(di-o-tolylphosphino)-
phenyl]-4,5-dihydro-4-tert-butyl-oxazole (100 mg, 0.24 mmol) in dry
CH2Cl2 (5 mL) was added [{IrCl(cod)}2] (81 mg, 0.12 mmol). The red sol-
ution was heated for 2 h at 48 8C in a closed vial. After the mixture had
been cooled to room temperature, Li[Al{OC(CF3)3}4]

[10] (305 mg,
0.31 mmol) was added, resulting in a lighter color. After 5 min, water
(5 mL) was added, resulting in a gel-like mixture. Phase separation was
followed by extraction of the organic layer with water and filtration over
MgSO4. The light red complex was recrystallized from diethyl ether and
pentane to give single crystals suitable for X-ray crystallography (381 mg,
0.23 mmol; 94%).

1H NMR (400 MHz, CD2Cl2, 300 K, TMS): d = 0.56 (s, 9H; R), 1.50
(mc, 1H; cod), 1.63 (mc, 1H; cod), 2.08 (mc, 2H; cod), 2.36 (s, 3H; 7’, o-
Toleq), 2.44 (mc, 2H; cod), 3.05 (br, 1H; cod trans to N), 3.10 (s, 3H; 7’’,
o-Tolax), 3.48 (br, 1H; cod trans to N), 4.00 (br, 1H; cod trans to P), 4.41
(dd, 3J(H,H) = 9.6 Hz, 1H; 4), 4.64 (brd, 1H; 5), 4.79 (dd, 2J(H,H) =

7.6 Hz, 3J(H,H) = 9.6 Hz, 1H; 5), 4.93 (mc, 1H; cod trans to P), 6.52 (br,
1H; 6’’), 6.89 (brd, J(H,H) = 7.1 Hz, 1H; Ar�H), 7.07 (br, 1H; 5’’), 7.25
(mc, 3H; Ar�H), 7.44 (mc, 5H; Ar�H), 7.65 (mc, 1H; Ar�H), 7.76 (mc,
1H; Ar�H), 8.30 ppm (d, J(H,H) = 7.9 Hz, 1H; 11); 31P{1H} NMR
(163 MHz, CD2Cl2, 300 K, (PhO)3P=O d = 18): two conformers due to
hindered rotation around the P–o-Tol bond: d = 9.5 (s, 89%), 17.3 ppm
(s, 11%); 19F{1H} NMR (CD2Cl2, 376 MHz, 300 K, FCCl3): d =

�76.8 ppm (s); 13C{1H} NMR (CDCl3, 101 MHz; 300 K, TMS): d = 24.3
(d, 3J(P,C) = 5.8 Hz; 7’’), 24.8 (3 C; tBu-CH3), 25.2 (cod-CH2), 25.5 (d,
3J(P,C) = 4.6 Hz; 7’), 28.2 (cod-CH2), 32.7 (cod-CH2), 34.2 (tBu quart.
C), 35.5 (cod-CH2), 67.4 (br; cod-CH trans to N), 67.5 (br; cod-CH trans
to N), 69.9 (5), 74.5 (4), 90.0 (d, 2J(P,C) = 13.4 Hz; cod-CH trans to P),
95.0 (d, 2J(P,C) = 10.7 Hz; cod-CH trans to P), 119.3 (d, 1J(P,C) =

52.9 Hz, 1’), 121.2 (q, 1J(F,C) = 292.1 Hz, 12 C; CF3), 127.1 (5’), 127.2
(5’’), 127.9 (6), 128.1 (d, 1J(P,C) = 61.7 Hz; 7), 130.0 (d, 1J(P,C) =

45.2 Hz; 1’’), 132.3 (4’), 132.4 (4’’), 132.7 (3’), 132.7 (3’’), 133.2 (8), 133.6
(6’’), 133.7 (6’), 134.0 (11), 134.1 (9), 134.7 (10), 141.1 (d, 2J(P,C) =

8.4 Hz; 2’), 142.9 (d, 2J(P,C) = 13.4 Hz; 2’’), 163.8 ppm (2), 1 quart. C
missing (Al-O-C(CF3)3); IR (KBr): ñ = 3067w, 2972m, 2895w, 2848w,
1596m, 1566w, 1489m, 1457m, 1378m, 1353s, 1302vs, 1278vs, 1242vs,
1219vs, 1168s, 1124m, 1070w, 1062w, 974vs, 833m, 756m, 728vs, 684w,
561m, 536m, 511w, 449mcm�1; MS (ESI, CH2Cl2): m/z (%): positive
mode: 716.3 ([M{193Ir}�anion)]+ , 100); negative mode: 967.1
([M�cation]� , 100); = �93.7 (c = 0.5, CHCl3); elemental analysis calcd
(%) for C51H42AlF36IrNO5P: C 36.40, H 2.52, N 0.83; found: C 36.57, H
2.75, N 0.75.

CCDC-201707 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+
44)1223-336033; or deposit@ccdc.cam.uk).

Kinetic studies : The kinetic studies were carried out and interpreted with
the isolation as well as the initial rate method.[19] Reactions were carried
out in a 50 mL high-pressure autoclave with a magnetic stirrer (typically
at 1200 min�1). The vessel was kept at a constant temperature (Haake
thermostat) and pressure, and hydrogen was metered through a dosing
valve as needed to maintain constant pressure during the reaction. The
progress of the reaction was monitored by following the pressure drop in
a hydrogen reservoir (33 mL) on the high-pressure side of the dosing
valve which was initially set at �175 bar. Data pairs of (pressure, time)
were collected every 6 s throughout the reaction. The pressure drop was
related to the molar uptake of hydrogen using a computer program
which was calibrated for this autoclave by SolviasAG. The reaction rate
was determined from the maximum slope of the hydrogen pressure drop
in the reservoir by means of the computer program ANFGES.EXE.
Export of the molar amount of hydrogen in the reservoir was made possi-
ble by a small addition to this software.[20] The values obtained were then
adjusted by addition of a constant for a starting point of 0.25 mol H2 in
the reservoir to be able to overlay the curves. The conversion was deter-
mined by GC analysis, the enantioselectivities were checked by chiral
HPLC analysis.

General hydrogenation procedure : The autoclave was purged 4 times
with 3–5 bar Ar and cooled to the desired temperature under Ar pres-
sure. (E)-1,2-Diphenyl-1-propene and the iridium catalyst were dissolved
in dry dichloromethane (35 mL) under argon and transferred versus a
counterstream of argon into the autoclave. The autoclave was sealed,
purged with argon (3P), and the solution was stirred for 5 min to equili-
brate to the temperature. Stirring was stopped, the autoclave was purged
with argon (3P) and then with hydrogen (3P , 7–13 bar). After the auto-
clave had been pressurized to the desired hydrogen pressure, the tight-
ness of apparatus was checked for 5 min by monitoring changes in the re-
servoir pressure. The reaction was started when stirring was commenced.
Stirring was stopped after the reservoir pressure had remained constant
for several minutes at the end of the reaction, and the autoclave was de-
pressurized and flushed with Ar (3P). A sample (normally 0.3 mL, de-
pending on the substrate concentration) of the resulting yellow solution
was taken and concentrated in vacuo. Heptane (1 mL) was added, and
the suspension was filtered through a syringe filter to remove catalyst
residues. The resulting solution was used directly for GC and HPLC anal-
ysis.
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