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’ INTRODUCTION

The coordination chemistry of transition-metal centers with
saturated bonds, such as dihydrogen (H�H), alkanes (C�H),
silanes (Si�H), and boranes (B�H), is of significant interest
with regard to their fundamental structures and bonding, activa-
tion, and subsequent utilization in chemical synthesis.1�3 These
so-called σ-complexes are prototypically defined by the coordi-
nation chemistry of the simplest member of the family, H2, as
reported in 1984 by Kubas.4 Related intermolecular M 3 3 3H�C
bonds, i.e., alkane complexes, are scarce and metastable in
solution,5�7 while intramolecular agostic M 3 3 3H�C complexes
are much better represented.2 The analogous M 3 3 3C�C σ-
complexes (intra- or intermolecular) are of considerable inte-
rest with regard to the cleavage and formation of carbon�
carbon bonds using transition metals,8�12 processes of significant
relevance to organic synthesis and petroleum research. Despite
this, examples of M 3 3 3C�C σ-complexes are rare compared to
M 3 3 3HC, and limited to intramolecular systems,13�26 as kine-
tically such complexes are disfavored due to the relative inacces-
sibility and orbital directionality associated with the C�C bond
compared with C�H.8 We recently reported the synthesis of a
rhodium complex with a well-defined intramolecular σ-C�C
interaction, [Rh(BINOR-S)(PiPr3)][BAr

F
4] (1, BINOR-S =

1,2,4,5,6,8-dimetheno-S-indacene and ArF = C6H3(CF3)2).
27,28

This complex has a {Rh(PiPr3)}
+ fragment coordinated to a

saturated organic ligand (BINOR-S) through a metallacyclobu-
tane ring and σ-C�C interaction from a cyclopropane unit
(Scheme 1). There is also a C�H 3 3 3Rh agostic interaction.

σ-Complexes are particularly interesting as they represent
intermediates in the activation of strong covalent bonds by
oxidative cleavage (Scheme 1).1,3 For example, in the now classic
study by Kubas, interconverting tautomers of W(PCy3)2-
(CO)3H2 were found to exist: a W(II)�dihydride, the product
of oxidative cleavage, and a W(0)�dihydrogen σ-complex.4

Equilibrium mixtures between σ-alkane and alkyl hydride com-
plexes have also been observed in alkane complexes of the {Re-
(η5-C5H5)(CO)(PF3)} fragment.5 Whether oxidative cleavage

of the σ-bound ligand occurs or not can be controlled by the
relative position of the transition metal in a particular triad,
among other factors;29 heavier congeners with their energetically
more accessible higher oxidation states can favor the products of
oxidative cleavage. For example, [Rh(η5-C5Me5)(PMe3)H-
(H2)][BAr

F
4] is formulated as a Rh(III) hydride/dihydrogen

complex,30 while [Ir(η5-C5Me5)(PMe3)H3][BF4] is an Ir(V)
trihydride.31 Recently, Brookhart, Goldberg, and co-workers
demonstrated similar behavior in methane complexes of the
group 9 {M(2,6-(tBu2PO)2C5H3N)}

+ (M = Rh, Ir) fragments.
The rhodium complex is a σ-methane Rh(I) species,7 while the
iridium complex is an Ir(III) hydrido-methyl (albeit in fast self-
exchange via a proposed Ir(I) σ-methane complex).32 As σ-C�C

Scheme 1. (a) Representation of the Transition-Metal-
Mediated Activation of σ-Bonds and (b) Structure of
[Rh(BINOR-S)(PiPr3)][BAr

F
4] (1)

Received: May 24, 2011

ABSTRACT: Herein is reported the synthesis, by a solid-state reaction from [Ir(NBD)2-
(PiPr3)][BAr

F
4], of the first example of a C�C σ-complex with iridium, [Ir(BINOR-S)-

(PiPr3)][BAr
F
4]. This compound is unique in that in the solid state it undergoes reversible

activation of the C�C single bond that interacts with the metal center, establishing a
temperature-dependent equilibrium between Ir(III) C�Cσ/Ir(V) bis-alkyl complexes. This
process has been interrogated by variable-temperature X-ray diffraction, NMR spectroscopy,
and DFT calculations.
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complexes are rare, such an isomeric pair has yet to be observed
for analogous carbon�carbon bonds.

The existence of such isomers is suggested on the basis of
experimental and computational investigations on 1.27,28 Using
NMR spectroscopy, it was shown that this Rh(III) complex
undergoes rapid reversible C�C oxidative cleavage/reductive
coupling on the NMR time scale in solution. The calculated
mechanism invoked a putative Rh(V) alkyl intermediate: the
product of activation of the σ-C�Cbond. Although this dynamic
process can be arrested at low temperature in solution,27,28

allowing the barrier to be determined, the key Rh(V) inter-
mediate remains elusive. In order to realize the synthesis of such
an intermediate, we targeted the synthesis of the Ir congener to
1, hoping to exploit the more accessible (V) oxidation state of
iridium compared to rhodium. To this end, we now report the
synthesis of [Ir(BINOR-S)(PiPr3)][BAr

F
4] (3), in which both

the Ir(III) σ-complex and Ir(V) oxidative cleavage products
coexist in the solid state. We find that these two complexes
are in equilibrium with one another, and the position of the
equilibrium can be adjusted by changing the temperature.
Although reversible C�C activation has been reported
previously28,33�35 and σ-bound complexes have been impli-
cated in such processes,28,36,37 the observation of intimately
connected σ and oxidative cleavage product complexes is, we
believe, unknown.

’RESULTS AND DISCUSSION

The precursor complex [Ir(NBD)2(P
iPr3)][BAr

F
4] (2,

NBD = 2,5-norbornadiene) was prepared by reaction of excess
NBD and Na[BArF4] with [Ir(COE)(P

iPr3)Cl]2 (COE = cyclo-
octene) in CH2Cl2, as shown in Scheme 2. By comparison, the
Rh congener of 2 cannot be observed, as it presumably proceeds
immediately to form 1.27 Complex 2 is isolated as an air- and
temperature-sensitive crystalline material. The solid-state struc-
ture of the cation, which is best described as having a distorted
square-based pyramidal geometry, is shown in Figure 1. The
structure of a PMe3 analogue of 2, [Ir(NBD)2(PMe3)]

+ (20), has
recently been calculated and shows very similar structural
metrics.38 The overall barrier to dimerization of the coordinated
NBD units to form BINOR-S in 20 was also calculated and was
shown to be 123.9 kJ mol�1, significantly higher than that for the
rhodium analogue (92.4 kJ mol�1) and consistent with our
experimental observations. Although complex 2 can be isolated,

in CD2Cl2 solution it proceeds slowly to form [Ir(BINOR-S)-
(PiPr3)][BAr

F
4] (3) alongside decomposition to unidentified

products (see Supporting Information). Complex 3 is itself un-
stable in solution at room temperature (half-life of 5.3 ( 0.2 h),
decomposing to give multiple products including free BINOR-S.
This stability profile is similar to that of the Rh congener 1, which
decomposes inCH2Cl2 over 24 h. Thus, although the formation of
3 can be observed by NMR spectroscopy, its low stability means
that its isolation as a pure material using solution techniques is
problematic. To circumvent this, we carried out the synthesis of
3 in the solid state by reaction of 2 at 40 �C to afford pure 3
after 20 h in quantitative yield. Monitoring this reaction over a
range of temperatures using NMR spectroscopy (samples ana-
lyzed in CD2Cl2 solution, see Supporting Information) showed
a reaction profile that fitted zero-order reaction kinetics39 with
activation parameters of ΔHq = 106.2 ( 1.1 kJ mol�1 and

Figure 1. Molecular structures of 2 (a) and 3 (b): ORTEP plots with
thermal ellipsoids drawn at the 50% probability level. Data were
collected at 150 K. The structure of 3 presented here is refined without
cation disorder modeling (see text). Anions and solvent molecules are
omitted for clarity. Selected bond distances (Å) for 2: Ir1�P1,
2.4768(8); Ir1�C1, 2.190(4); Ir1�C6, 2.169(4); Ir1�C3, 2.275(3);
Ir1�C4, 2.250(4); Ir1�C8, 2.254(3); Ir1�C13, 2.237(4); Ir1�C10,
2.225(3); Ir1�C11, 2.192(3). Selected parameters for 3 are listed in
Table 1.

Scheme 2. Formation of [Ir(BINOR-S)(PiPr3)][BAr
F
4] (3)
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ΔSq = +6 ( 4 J mol�1 K�1. ΔGq(298K) = 104 ( 2 kJ mol�1,
comparing well with that calculated for the equivalent process
involving 20 (123.6 kJ mol�1).38 Crystals suitable for an X-ray
diffraction experiment were grown at low temperature (243 K,
CH2Cl2/pentane) in an argon-filled glovebox. In the solid state 3 is
extremely sensitive and is unstable outside a purified Ar or vacuum
atmosphere, decomposing rapidly. The dimerization of NBD on
group 9 metals has been reported previously.40�42

Solution 31P{1H}NMR data for 3 show a single, sharp, signal
over the temperature range from 298 to 200 K (CD2Cl2) that
moves significantly to lower frequency on cooling (δ 47.2 at 298
K; δ 36.2 at 200 K). By contrast, 1 shifts by only 1.8 ppm over
the same temperature range.27 For 3, local C2v symmetry is
observed for the BINOR-S ligand by 1H and 13C{1H} NMR
spectroscopy, even on cooling to 200 K. As for the 31P{1H}
NMR spectrum, changes in chemical shift with temperature are
also observed. These NMR data suggest a rapid, time-averaged,
fluxional process that makes the two sides of the BINOR-S ligand
equivalent, by movement of the phosphine from one side of the
molecule to the other, as in the solid state the ligand has only Cs

symmetry. For 1, we have previously shown that this process can
be frozen out (200K,ΔGq(298 K) = 44.8( 4 kJmol�1) to reveal
solution NMR data fully consistent with the solid-state structure,

and calculations suggest a Cs-symmetric Rh(V) intermediate.28

For 3, the barrier to this process must be considerably lower. The
changes with temperature observed by NMR spectroscopy for 3
suggest a change in population between chemically distinct
species that are in rapid equilibrium with one another.

The solid-state structure of 3 was determined by X-ray
diffraction over a wide temperature range (100�250 K; see
Figure 1 for the 150 K structure), and the key structural metrics
that arise from these experiments are presented in Table 1.
Analysis of these data suggests an apparent lengthening of the σ-
C�C distance with temperature [C8�C10, 1.704(5) Å at 100 K,
1.833(13) Å at 250 K], alongside a concomitant apparent
lengthening of the Ir1�P1 bond [2.2884(8) Å at 100 K,
2.3545(15) Å at 250 K]. The metrics associated with the
metallacyclobutane (Ir,C1,C2,C3) and C�H 3 3 3 Ir agostic inter-
action (Ir1�C16) do not change significantly. These data
suggest increasing activation of the C�C σ-bond with tempera-
ture and that these structural changes are localized primarily to
one part of the molecule. Repeating these measurements on a
different crystalline sample, using a different diffractometer, and
cycling the temperature (cooling from 250 to 100 K, followed by
warming to 250 K) on the same sample all gave the same results.

Table 1. Selected Distances (Å) and Angles (�) for the Structures of 1 and 3 at Different Temperaturesa

1 3

100 K 250 K 100 K 250 K 150 K

cation structure ordered ordered disordered, not modeled disordered, not modeled disordered, two-component model (3a, 3b)

M�P1 2.2711(5) 2.2718(10) 2.2884(8) 2.3545(15) 2.3191(9)

M�C8 2.368(2) 2.369(4) 2.305(3) 2.220(6) 2.26(2),b 2.27(4)c

M�C10 2.356(2) 2.359(4) 2.294(3) 2.206(8) 2.284(9),b 2.18(2)c

C8�C10 1.610(3) 1.609(7) 1.704(5) 1.833(13) 1.645(7),b,d 2.069(8)c,d

C8�C9�C10 64.32(15) 64.4(3) 68.4(2) 76.3(7) 66.6(6),b 82.7(14)c

M�C1 2.043(2) 2.033(4) 2.061(3) 2.046(7) 2.057(4)

M�C3 2.036(2) 2.028(4) 2.050(3) 2.043(7) 2.045(4)

C1�C2�C3 91.80(16) 92.3(3) 92.4(3) 92.3(6) 92.3(3)

M�C16 2.906(2) 2.921(5) 2.955(4) 3.004(9) 2.970(5)
a See Supporting Information for complete listing of structural parameters. b Parameters associated with disordered component 3a only. c Parameters
associated with disordered component 3b only. dThese parameters are restrained directly (see main text).

Figure 2. Disorder models for the molecular structure of 3: ball-and-stick representations of the individual disordered components 3a (a) and 3b
(b), the combined model (c), and an ORTEP plot (thermal ellipsoids drawn at the 50% probability level) of 3 refined without cation disorder modeling
(d). Anions and hydrogen atoms are omitted for clarity. Data were collected at 150 K.
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The behavior observed for 3 in the solid state is rationalized
using a crystallographic disorder model involving a mixture of
two cationic components in the crystal lattice (Figure 2), the
relative ratio of which changes with temperature, resulting in
apparent changes in the C8�C10, Ir1�C8, Ir1�C10, and
Ir1�P1 distances. The main disordered component is an Ir(III)
σ-C�C complex, 3a, that is isostructural with its Rh congener 1.
In this structure there is a metallacyclobutane (Ir,C1,C2,C3) and
a cyclopropane moiety (C8A,C9A,C10A) that adopts a σ-C�C
interaction with the metal center. The other component, 3b, has
two metallacyclobutane units (Ir1,C1,C2,C3 and Ir1,C8B,C9B,
C10B) and a formal Ir(V) oxidation state. The phosphine ligand
and supporting C�H 3 3 3 Ir agostic interaction (Ir1�C16) are
common to both components. These two isomers, 3a and 3b,
were modeled by restraining the C8�C10 distance in 3a and 3b
to 1.64 and 2.07 Å, respectively, distances that were suggested by
DFT calculations (see below) and are crystallographically and
chemically sensible for an activated cyclopropane and a metalla-
cyclobutane respectively.27,28,37 Similar progressive changes in
bond length with temperature that are modeled using a tem-
perature-dependent population change between two disordered
isomers have been observed for Fe�cyanide spin-crossover
complexes, where the Fe�N bonds show a systematic increase
with increasing temperature due to a change in the weighted
average of two different Fe�N environments, in this case on
moving from a low-spin to a high-spin electronic configuration.43

Data collections on 1, which notably crystallizes in the same
space group as 3, were repeated over the same temperature range.
No statistically significant variation in any of the measured
distances was found (Table 1). The unit cell volume changed
by only 3.5% for both 1 and 3 over this temperature range. This
demonstrates that the structural changes observed are due to the
replacement of Rh (4dmetal) with Ir (5dmetal) onmoving from
1 to 3.

This structural change between 3a and 3b is thus formulated
as a C�C oxidative cleavage of a σ-bound cyclopropane ring.
Such a change from a σ-interaction (3a) to two Ir�C covalent
bonds (3b) would be expected to have a pronounced effect on
the trans-disposed phosphine group, owing to the large trans-
influence of a bis-alkyl compared to a σ-C�C unit. Although the
heavy phosphorus atom was not explicitly split in the disorder
model this change is manifested in the apparent lengthening of
the measured Ir1�P1 distance with temperature associated with
the increase in the relative population of the Ir(V) isomer
(Figure 2, Table 1).

That the relative populations of the two isomers 3a and 3b
change reversibly with temperature shows that there is an
equilibrium between the two disordered components. This is
similar to the dynamic disorder44 reported in the solid state for
mixedM3(CO)12 clusters (M=Fe, Ru, Os).45,46 In the solid state
at 100 K, the 3a:3b ratio is 83(2):17(2), which changes at 250 K
to 55(2):45(2). A Van’t Hoff plot (Figure 3) clearly demon-
strates the change in the position of the equilibrium with
temperature and yields the following thermodynamic para-
meters: ΔH = 1.93 ( 0.03 kJ mol�1, ΔS = +6.2 ( 0.2 J mol�1

K�1, andΔG(298 K) = +0.09( 0.08 kJ mol�1. These data show
the Ir(III) and Ir(V) complexes to be energetically very similar to
one another. A similar analysis has been used to map the
rotational progression of nitrosyl ligands in Fe�porphyrin com-
plexes with temperature in the solid state.47

Further support for the description of the solid-state structure
of 3 using a two-component model comes from significant

deviations from rigid-bond behavior for the C8�C10 and
Ir1�P1 bonds when the cation of 3 is refined without using this
model, indicating the presence of disorder (Hirshfield rigid-bond
test, see Supporting Information).48 In contrast, the bonds not
significantly involved in the structural change (i.e., Ir1�C1,
Ir1�C3) do not show any similar signs of disorder. Importantly,
no evidence of disorder is found across the complete temperature
range for 1, with C8�C10 and Rh1�P1 bonds notably showing
good rigid-bond behavior. We are thus confident that this
variation in C8�C10 and Ir1�P1 bond distances with tempera-
ture in 3 is a consequence of a reversible intramolecular change in
bonding and that this does not happen to any significant degree
for the Rh analogue.

As X-ray diffraction gives only the average of all possible
atomic displacements in the entire crystal on the time scale of the
X-ray experiment (i.e., hours),44 to probe this dynamic change
further we have obtained the solid-state 31P{1H} MAS�NMR
spectra of 1 and 3 over a variable-temperature range (298 to 213
K); which gives information on the NMR time scale (seconds)
regarding local atomic environments. For 3, a single peak is
observed that progressively shifts from δ 35.2 (298 K) to δ 29.9
(213 K), mirroring that observation in solution. The signal
broadens upon cooling (fwhm 260 vs 320 Hz). These observa-
tions (albeit not covering the same range as for the X-ray
diffraction experiments) are indicative of a weighted average
chemical shift of two chemically distant species that are in
dynamic equilibrium with one another and suggest that the
barrier to interconversion in the solid state between 3a and 3b is
low, as might be expected for such a simple process that does not
involve major atomic reorganization. These changes are rever-
sible upon warming to 298 K, as for the X-ray experiments.
Higher temperatures resulted in the onset of decomposition. For
1, a single peak is observed at δ 46.7 [J(RhP) = 208 Hz] that, as
in solution, shifts by a significantly lesser degree upon cooling
to 213 K compared to 3, to δ 44.5 [J(RhP) = 220 Hz]. At
room temperature, the signal becomes broader (fwhm 80 vs
140 Hz). These results are consistent with a higher barrier to

Figure 3. Solid-state dynamic behavior of 3: reaction scheme demon-
strating the structural change between the tautomers of 3 (a), popula-
tions of the tautomers at different temperatures determined using X-ray
diffraction (b), and Van’t Hoff plot for this process (c) (R2(fit) = 0.999).
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interconversion in 1 than in 3. Unlike in solution, where the
phosphine ligand would be free to move during the fluxional
process, making each side of the BINOR-S fragment equivalent on
the NMR time scale (i.e., time-averaged C2v symmetry), in the
solid state this is not possible due to the constraints imposed by the
lattice, and the molecule would retain approximate Cs symmetry.

DFT calculations49 were able to identify twominima for 3, one
with a C8�C10 bond length of 1.64 Å (3a) and the other 2.07 Å
(3b), corresponding to, and fully consistent with, the inferred
structures of 3a (Ir(III)) and 3b (Ir(V)). Similarly, the calculated
structure of 1 shows excellent agreement with the observed
(static) structure of 1 in the solid state [e.g., C8�C10, 1.61 Å
(calc) versus 1.610(3) Å (100 K)]. That the calculated C�C
sigma bond in 3a is longer than in 1 (1.64 versus 1.61 Å,
respectively) suggests a greater degree of C�C activation in 3a
and underscores that these structural changes are due to the
move from a 4d to a 5d metal. It also parallels the activation, but
not scission, of dihydrogen when bound to different metal
centers in stretched dihydrogen complexes.1 The SCF energy
of 3a was found to be 4 kJ mol�1 higher than that of 3b with an
enthalpy change ΔH0(298 K) = �10 kJ mol�1, in satisfactory
agreement with the small energy difference found experimen-
tally, though of the wrong sign. A transition state was identified
between the two species, with activation free energies of 4 kJ
mol�1 from 3a and 11 kJ mol�1 from 3b.50 This low barrier is
consistent with the results of the solid-state NMR experiments.
The C8�C10 distance in the transition state was 1.82 Å. A scan
of the SCF energy with changing C8�C10 bond length is shown
in Figure 4; two minima are clearly evident. For 1, a similar scan

showed a point of inflection at long C�C distances in a steadily
rising curve, which is related to the Rh(V) transition state for the
fluxional process for the BINOR-S ligand in solution.28 There is
also a strong correlation of the C8�C10 distance with the changes
in Ir1�P1, Ir1�C8, and Ir1�C10 bond lengths for 3. As theC�C
distance increases, the phosphine is also found to tilt slightly to one
side. All these trends are fully consistent with the structural
variation observed by X-ray diffraction at different temperatures,
and the steeper potential energy curve associated with the C�C
distance in 1 underscores the observation that the Rh(III)
oxidation state is preferred in the solid state, reflecting the relative
inaccessibility of the Rh(V) oxidation state.51 Examination of the
frontier orbitals (Supporting Information) of 3a and 3b showed
that, while 3a has three occupied orbitals principally of d character
and two unoccupied orbitals, for 3b the reverse is true, with two d
orbitals being occupied in this case and three unoccupied.

’CONCLUSIONS

We report here experimental and computational evidence that
an Ir(III) σ-complex and an Ir(V) oxidative cleavage product
coexist in the solid state. These two complexes are in equilibrium
with one another, with the position of the equilibrium can be
adjusted by changing the temperature. Related temperature-
dependent behavior of isomeric (tautomeric) forms of bound
σ complexes has previously been observed in solution for
dihydrogen complexes. Pons and Heinekey reported a marked
temperature dependence of J(HD) in isotopomers of [Ir(dmpm)-
(η5-C5Me5)H2][B(C6F5)4]2 (dmpm = bis(dimethylphosphino)-
methane), attributed to a rapidly established equilibrium be-
tween an Ir(III) dihydrogen complex and an Ir(V) cis-dihydride
tautomer. That higher temperatures resulted in increased J(HD)
values was interpreted as corresponding to an increased popula-
tion of the dihydrogen isomer,52,53 which was supported
by computational work.54�56 Saliently, the Rh congener [Rh-
(dmpm)(η5-C5Me5)H2][B(C6F5)4]2 is formulated as a conven-
tional Rh(III) dihydrogen analogue.54 The similarity with the
C�C σ-complexes 1 and 3 is thus striking and further strength-
ens our interpretation that both an Ir(III) σ-C�C complex and
the corresponding Ir(V) C�C oxidative cleavage product are
present in the solid state for 3 but not for 1. If we take this view, 3
completes the series for σ coordination and reversible activation
of the most important element�element σ-bonds with transition
metal centers: H�H, C�H, and C�C.

’EXPERIMENTAL SECTION

[Ir(NBD)2(P
iPr3)][BAr

F
4] (2). To a Schlenk flask charged with

[Ir(COE)(PiPr3)Cl]2
57 (0.200 g, 0.201 mmol) andNa[BArF4] (0.365 g,

0.412 mmol) was added a solution of NBD (0.2 mL, 2mmol) in CH2Cl2
(5mL). The resulting suspension was stirred at room temperature for 30
min and then filtered. The crude product was precipitated by addition of
excess hexane and isolated by filtration. Two successive recrystallizations
from CH2Cl2/hexane gave the pure product as a cream-white micro-
crystalline solid. Yield = 0.350 g (62%). The solid product was stored
under argon at �32 �C.

Data for 2: 1H NMR (CD2Cl2, 500 MHz, 298 K, using X-ray labeling
scheme) δ 7.70�7.74 (m, 8H, ArF), 7.56 (br, 4H, ArF), 4.29 (br, 2H,
H2/9), 4.14 (app q, J = 4 Hz, 4H, H1/3/8/10), 3.55 (br, 2H, H5/12), 3.48
(dt, 3JPH = 7.2 Hz, 3JHH = 3.8 Hz, 4H, H4/6/11/13), 3.00 (app oct, J =
7 Hz, PCH), 1.37 (dd, 3JPH = 13.5 Hz, 3JHH = 7.2 Hz, Me), 0.96 (br m,
4H, H7/14); 31P{1H} NMR (CD2Cl2, 202 MHz, 298 K) δ �0.7 (s);
13C{1H} NMR (CD2Cl2, 126 MHz, 298 K) δ 162.3 (q, 1JBC = 50 Hz,

Figure 4. Calculated potential energy surface for C�C bond activation
in 1 and 3: SCF energy with changes in C8�C10 bond distance for 1 and
3 and correlations between the C8�C10, Ir1�P1, Ir1�C8, and
Ir1�C10 bond distances during this process.
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ArF), 135.4 (s, ArF), 129.4 (qq, 2JFC = 32Hz,
3JBC = 3Hz, Ar

F), 125.2 (q,
1JFC = 272 Hz, Ar

F), 118.0 (sept, 3JFC = 4 Hz, Ar
F), 66.8 (d, 4JPC = 1 Hz,

C7/14), 47.9 (d, 3JPC = 2Hz, C
5/12), 45.9 (d, 2JPC = 6Hz, C

1/3/8/10), 45.4
(d, 3JPC = 2 Hz, C2/9), 42.4 (d, 2JPC = 4 Hz, C4/6/11/13), 29.3 (d, 1JPC =
20 Hz, PCH), 20.3 (s, Me).
[Ir(BINOR-S)(PiPr3)][BAr

F
4] (3). A solid sample of 2 (0.080 g,

0.057 mmol) was heated at 40 �C under argon for 20 h, resulting in
quantitative formation of the product as an orange solid.

Data for 3 (higher temperature): 1H NMR (CD2Cl2, 500 MHz, 298
K, using X-ray labeling scheme) δ 7.70�7.74 (m, 8H, ArF), 7.56 (br, 4H,
ArF), 3.97 (br app t, J = 3Hz, 4H, H1/3/8/10), 3.53 (br app t, J = 5Hz, 2H,
H2/9), 2.70 (second-order app oct, J ≈ 7 Hz, 3H, PCH), 2.30 (br, 2H,
H5/12), 1.62 (br, 4H,H4/6/11/13), 1.33 (obscured app t, J = 2Hz, 4H, H7/

14), 1.32 (dd, 3JPH = 14.5 Hz, 3JHH = 7.2 Hz, Me); 31P{1H} NMR
(CD2Cl2, 500 MHz, 298 K) 47.2 (s); 13C{1H} NMR (CD2Cl2, 126
MHz, 298 K) δ 162.3 (q, 1JBC = 50 Hz, ArF), 135.4 (s, ArF), 129.4 (qq,
2JFC = 32 Hz, 3JBC = 3 Hz, ArF), 125.2 (q, 1JFC = 272 Hz, ArF), 118.0
(sept, 3JFC = 4 Hz, Ar

F), 51.9 (s, C2/9), 46.9 (s, C4/6/11/13), 35.3 (d, 4JPC
= 3 Hz, C7/14), 34.1 (s, C5/12), 29.1 (d, 2JPC = 8 Hz, C1/3/8/10), 24.3 (d,
1JPC = 22 Hz, PCH), 20.4 (s, Me).

Data for 3 (lower temperature): 1H NMR (CD2Cl2, 500 MHz, 200
K)δ 7.69�7.74 (m, 8H, ArF), 7.53 (br, 4H, ArF), 3.74 (br app t, J= 4Hz,
4H, H1/3/8/10), 3.24 (br app t, J = 5 Hz, 2H, H2/9), 2.53 (app oct, J = 8
Hz, 3H, PCH), 2.14 (br, 2H, H5/12), 1.55 (br, 4H, H4/6/11/13), 1.24 (br,
4H, H7/14), 1.20 (dd, 3JPH = 14.4 Hz, 3JHH = 7.2 Hz, Me); 31P{1H}
NMR (CD2Cl2, 202 MHz, 200 K) δ 36.2 (s); 13C NMR (CD2Cl2, 126
MHz, 200 K, selected data from HSQC) δ 49.7 (1JCH = 160 Hz, C2/9),
44.1 (1JCH = 136 Hz, C4/6/11/13), 34.7 (1JCH = 134 Hz, C7/14), 33.4
(1JCH = 148 Hz, C5/12), 26.0 (1JCH = 163 Hz, C1/3/8/10), 23.0 (1JCH =
128 Hz, PCH), 19.2 (1JCH = 126 Hz, Me).

Anal. Calcd for C55H49BF24IrP (1399.96 g mol�1): C, 47.19; H, 3.53.
Found: C, 47.57; H, 3.63.
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