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ABSTRACT: The synthesis and characterization of five-coordinate rhodium(III) and iridium(III) complexes of the form [M(PNP-
Np)(biph)][BArF4] are described, where PNP-Np is the neopentyl-substituted pincer ligand 2,6-(Np2PCH2)2C5H3N (Np =
CH2tBu), biph = 2,2′-biphenyl, and ArF = 3,5-(CF3)2C6H3. These complexes are notable for the adoption of δ-agostic interactions in
the solid state, as evidenced by X-ray crystallography (50−150 K) and ATR-IR spectroscopy, but are structurally dynamic in
solution, exhibiting pseudorotation of the biph ligand on the 1H NMR time scale (185−308 K). The strength of the agostic
interactions is discussed with reference to the known tert-butyl-substituted analogues [M(PNP-tBu)(biph)][BArF4], probed by
reaction with carbon monoxide, and quantified computationally through NBO analysis, from which the conclusion is that 3-center−
2-electron bonding increases in the order M = Ir > Rh (cf. 1.5× greater perturbation energy) and pincer ligand = PNP-Np > PNP-
tBu (cf. 3.3× greater perturbation energy).

1. INTRODUCTION
The coordination chemistry of aliphatic C−H bonds remains an
important topic in organometallic chemistry.1 Adoption of 3-
center−2-electron (3c−2e) M−H−C interactions can help
stabilize otherwise reactive low-coordinate metal complexes and
is implicated in the mechanism of concerted C−H bond
oxidative addition reactions to low-valent transition metals.2 As
a consequence of the weakly interacting nature of C−H bonds,
well-defined examples of M−H−C bonding are almost
exclusively limited to intramolecular systems that are stabilized
by the chelate effect. Such intramolecular interactions are
termed “agostic” and typified byM−H−C contacts up to ∼3 Å.3

The characterization of σ-alkane complexes is significantly more
experimentally demanding but has been achieved in solution
using time-resolved spectroscopic methods at low temperature
and, recently, in the solid state by X-ray crystallography through
application of single-crystal to single-crystal transformations.4

With respect to the precious metals rhodium and iridium,
numerous complexes with agostic interactions can be identified
in the literature, with >150 deposited in the CSD (v. 5.43).
M(III) systems featuring agostic interactions opposite to a high
trans-influence hydride, aryl, or alkyl ligand are common, but
homologous series are rare.5 Series of this nature are of interest
to gauge an understanding of the effect of the metal alongside

subtle variations of the ligand composition on the constituent
agostic interactions. In this regard, low-coordinate M(III)
complexes of 2,2′-biphenyl (biph) A−E are noteworthy (Figure
1), with the majority resulting from work carried out in our
group over the past 6 years.6−10 Most pertinent to the study
described herein, this set includes formally five-coordinate
pincer complexes [M(PNP-tBu)(biph)][BArF4] (M = Rh, 1; Ir,
2; PNP-tBu = 2,6-(tBu2PCH2)2C5H3N; ArF = 3,5-
(CF3)2C6H3).

6 These complexes are characterized by time-
averaged C2v symmetry in solution as a result of facile
pseudorotation of the biph ligand on the 1H NMR time scale
(ΔG‡ = 56 ± 1 kJ mol−1, 1; 62 ± 1 kJ mol−1, 2) but adopt square
pyramidal geometries in the solid state which are stabilized by
weak γ-agostic interactions (M−H−C ∼ 3.0 Å).

Reasoning that more flexible phosphine substituents would
enable adoption of stronger, more persistent δ-agostic
interactions with the metal center, we herein report on the
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synthesis, characterization, and reactivity of five-coordinate
pincer complexes [M(PNP-Np)(biph)][BArF4] (M = Rh, 3; Ir,
4; Figure 1), where PNP-Np is a neopentyl-substituted pincer
ligand developed by Yamashita, Nozaki, and co-workers (PNP-
Np = 2,6-(Np2PCH2)2C5H3N; Np = CH2tBu).

11

2. RESULTS AND DISCUSSION
2.1. Ligand Synthesis and M(I) Carbonyl Derivatives.

Neopentyl-substituted pincer ligand PNP-Np was prepared
using the reported procedure, involving treatment of doubly
deprotonated 2,6-lutidine with di(neopentyl)chlorophosphine
(Scheme 1).11 Whilst the pincer ligand was obtained as the

major product following this method, we find that borane
protection and purification by column chromatography is the
most expedient route to obtain pure material. Deprotection of
the corresponding phosphine-borane adduct (δ31P 10.7) was
achieved by heating with diethylamine and pure PNP-Np (δ31P
−39.9) obtained upon removal of volatiles under high vacuum
(including amine-borane).

To quantify the relative donor strength of the PNP-Np ligand,
M(I) carbonyl derivatives were prepared for analysis by IR
spectroscopy (Scheme 2).12,13 The new rhodium variant 5 was
obtained in good yield by reaction of [Rh(CO)2Cl]2 with PNP-
Np in fluorobenzene, using Na[BArF4] as the halide abstracting
agent, and fully characterized in solution (C2v symmetric; δ31P
17.4, 1JRhP = 121 Hz) and the solid state (Figure 2A).14 The
iridium carbonyl complex [Ir(PNP-Np)(CO)]BF4 has been
reported previously,11 and [BArF4]− analogue 6 was prepared
using a variation of the reported two-step procedure, employing
[Ir(COD)2][BArF4] (COD = 1,5-cyclooctadiene) as the metal

precursor and 1,2-difluorobenzene (DFB) as the solvent. The
intermediate cyclometalated iridium(III) hydride 7 involved in
this procedure was isolated and fully characterized. The
spectroscopic characteristics are consistent with the literature
(C1 symmetric; δ1H −16.81, 2JPH = 12 Hz; δ31P 18.5, 28.5, 2JPP =
316 Hz) and in this case the salt is amenable to structural
characterization by X-ray diffraction (previously trapped out as a
coordinatively saturated acetonitrile adduct,11 Figure 2B). In the
solid state, 7 adopts a square pyramidal metal geometry which is
stabilized by a δ-agostic interaction (Ir1−C30 = 2.759(10) Å)
trans to the cyclometalated neopentyl substituent (Ir1−C40 =
2.145(8) Å). These bonding modes are readily apparent from
the metal−carbon metrics and vindicated by the relative
compression of the Ir1−P2−C28 (110.2(4)°) and Ir1−P3−
C38 (104.2(3)°) angles compared to those of free phosphine
substituents (ca. 130°). Treatment of 7 with CO (1 atm)
afforded 6 in acceptable purity for the desired IR study (δ31P
13.6).

The carbonyl-stretching bands of 5 and 6 were determined by
IR analysis in CH2Cl2 solution at room temperature and
compared to values established for the PNP-tBu homologues
under these conditions (Table 1).6 The neopentyl-substituted
systems exhibit ν(CO) frequencies that are blue-shifted by 14
cm−1, indicating that PNP-Np is an appreciably weaker net
donor than PNP-tBu. This conclusion is fully in line with

Figure 1. Low-coordinate MIII(biph) complexes stabilized by agostic interactions.

Scheme 1. Preparation and Purification of PNP-Npa

aReagents and conditions: (i) nBuLi, TMEDA; Et2O, 0 °C → RT, 21
h; (ii) Np2PCl; Et2O, −78 °C → 30 °C, 92 h; (iii) H3B·SMe2; THF,
−78 °C → RT, 0.5 h (65%, 3 steps); (iv) Et2NH; 80 °C, 48 h (84%).

Scheme 2. Preparation of MI(CO) Complexesa

a[BArF4]− counterions omitted.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.4c00081
Organometallics 2024, 43, 1143−1154

1144

https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00081?fig=sch2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


expectation for the change in P-substituents from tertiary to
primary alkyl groups. For instance, the Tolman electronic
parameters of PtBu3 and PEt3 are 2056 and 2062 cm−1,
respectively.15

2.2. Preparation of M(III) Derivatives. Coordinatively
saturated rhodium(III) and iridium(III) biph complexes
[M(PNP-Np)(biph)Cl] (M = Rh, 8; Ir, 9) were prepared by
ligand substitution reactions of [Rh(biph)(dtbpm)Cl] (dtbpm
= bis(di-tert-butylphosphino)methane) and [Ir(biph)(COD)-
Cl]2 with PNP-Np in fluorobenzene at elevated temperature
(Scheme 3).16 These new complexes were isolated in >60% yield
and structurally corroborated in solution and the solid state.
Analysis by NMR spectroscopy in CD2Cl2 indicates the
adoption of Cs symmetry in solution, with 8 and 9 presenting
single 31P NMR resonances at δ 26.2 (1JRhP = 109 Hz) and 0.6,

respectively. This symmetry is manifested in the 1H NMR
spectra of the complexes by 2× inequivalent Np groups,
diastereotopic pyCH2 resonances, and 8× distinct environments
for the biph ligand, which were assigned with the aid of 2DNMR
experiments. Themost shielded tBu groups are assigned to those
straddling the biph ligand, and the proximity to the aromatic
rings is readily apparent from inspection of the isomorphic
crystal structures of 8 and 9 (Figure 3A), which are otherwise
unremarkable.

Generation of the target coordinatively unsaturated com-
plexes [M(PNP-Np)(biph)][BArF4] (M = Rh, 3; Ir, 4) was
achieved by treatment of 8 and 9 with Na[BArF4] in
fluorobenzene at room temperature (Scheme 3) and verified
in situ by perturbation of the 31P NMR resonances, which are
shifted to δ 23.8 (1JRhP = 111 Hz) and 11.2, respectively, and the
onset of fluxional behavior on the 1H NMR time scale at 298 K.
The complexes were subsequently isolated as analytically pure
materials in >80% yield and extensively characterized in solution
and the solid state as discussed below, focusing on the presence
and features of the supporting agostic interactions.
2.3. Variable-Temperature Characterization and Anal-

ysis of Agostic Interactions in 3 and 4. Single crystals of 3
and 4 suitable for analysis by X-ray diffraction were grown by
recrystallization from SiMe4 diffusion into CH2Cl2 or CH2Cl2/

Figure 2. Solid-state structures of (A) rhodium(I) carbonyl 5 and (B) cyclometalated iridium(III) hydride 7; one of the two unique cations shown for
5 (Z′ = 2), ellipsoids drawn at 30% probability, and anions omitted for clarity. Selected bond lengths (Å) and angles (deg): 5, Rh1−P2, 2.2915(9);
Rh1−P3, 2.2930(10); Rh1−N20, 2.096(3); Rh1−C4, 1.845(4); C4−O5, 1.133(5); P2−Rh1−P3, 168.99(4); N20−Rh1−C4, 179.03(16); omitted
cation, Rh1A−P2A, 2.2933(9); Rh1A−P3A, 2.2969(9); Rh1A−N20A, 2.095(3); Rh1A−C4A, 1.841(4); C4A−O5A, 1.142(5); P2A−Rh1A−P3A,
168.74(4); N20A−Rh1A−C4A, 177.72(13); 7, Ir1−P2, 2.271(2); Ir1−P3, 2.271(2); Ir1−N20, 2.173(7); Ir1−C40, 2.145(8); Ir1−H4, 1.5
(restrained); Ir1−C30, 2.759(10), P2−Ir1−P3, 162.71(8); N20−Ir1−C40, 89.5(3); C40−Ir1−C30, 173.0(3).

Table 1. Carbonyl Stretching Frequencies of
[M(PNP-R)(CO)]+ in CH2Cl2

complex ν(CO) (cm−1)

[Rh(PNP-tBu)(CO)][BArF4] 1990
[Rh(PNP-Np)(CO)][BArF4] 5 2004
[Ir(PNP-tBu)(CO)][BArF4] 1977
[Ir(PNP-Np)(CO)][BArF4] 6 1991

Scheme 3. Preparation of MIII(biph) Complexesa

a[BArF4]− counterions omitted.
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n-hexane solutions at −30 °C and are isomorphous (monoclinic
P21/n). Mindful of previous variable-temperature studies on
MIII(biph) complexes,6,8 crystallographic data were collected for
3 and 4 at 50, 100, and 150 K. The solid-state structure of 4 at
150 K is presented in Figure 3B, and the most pertinent metrics
are provided in Table 2.

The complexes adopt C1-symmetric pseudo square pyramidal
metal geometries with near-ideal N20−M1−C15 but distinctly
obtuse P2−M1−P3 angles (∼163°) in accordance with the
structures of PNP-tBu analogues 1 and 2.6 The tBu group of one
the Np-substituents is canted toward the vacant coordination
site and characterized by M1−H−C30 contacts of 2.822(5)−
2.906(3) Å and relatively compressed M1−P2−C28 angles of
(∼111°) compared to those of free phosphine substituents.
These features mark out the presence of δ-agostic interactions in
3/4,3 and the metal−carbon contacts suggest that they are
stronger than the respective γ-agostic interactions observed in
1/2 (M−H−C ∼ 3.0 Å). Consistent with this suggestion, the

electronically correlated M1−C4 bonds trans to the agostic
interaction are significantly longer in 3/4 (2.012(2)/2.025(4) Å
@150 K) compared to those in 1/2 (1.988(2)/2.001(2) Å @
150 K). In line with periodic trends, more pronounced 3c−2e
bonding is apparent in the third row congener with ∼0.06 Å
shorter M1−H−C30 distances measured across the temper-
ature range.17 While marginal, it is interesting to note that there
is a statistically significant contraction of these contacts on
cooling from 150 to 50 K, Δr = +0.016 ± 0.015 Å for 3 and
+0.020 ± 0.019 Å for 4. The contraction correlates with a ∼160
Å3 (2%) decrease in the unit cell volume, and similar trends have
been analyzed in detail for A and can be deduced from the
reported variable-temperature data for 1 and 2, where M−H−C
contractions from 3.057(4) to 3.009(2) Å (Δr = +0.048 ± 0.013
Å) and 3.039(5) to 2.976(3) Å (Δr = +0.063 ± 0.017 Å) occur
on cooling from 200 to 75 K, respectively.6,8 The conformation
of the pincer ligand backbone in 1 and 2 is dynamic in the solid

Figure 3. Solid-state structures of (A) coordinatively saturated iridium(III) complex 9 and (B) unsaturated iridium(III) complex 4 recorded at 150 K;
ellipsoids drawn at 50 and 30% probability, respectively, with solvents (SiMe4 and CH2Cl2 in 4) and anions omitted for clarity. Selected bond lengths
(Å) and angles (deg) for 8 and 9, which are isomorphous: 8, Rh1−P2, 2.3155(6); Rh1−P3, 2.3352(6); Rh1−N20, 2.150(2); Rh1−Cl1, 2.5021(6);
Rh1−C4, 2.027(3); Rh1−C15, 2.034(2); P2−Rh1−P3, 164.33(2); N20−Rh1−C15, 176.41(10); Cl1−Rh1−C4, 176.83(7); 9, Ir1−P2, 2.3166(6);
Ir1−P3, 2.3275(6); Ir1−N20, 2.145(2); Ir1−Cl1, 2.4968(6); Ir1−C4, 2.040(2); Ir1−C15, 2.053(2); P2−Ir1−P3, 164.03(2); N20−Ir1−C15,
176.59(9); Cl1−Ir1−C4, 176.36(7).

Table 2. Selected Bond Lengths (Å), Angles (deg), and Unit Cell Volumes (Å3) for [M(PNP-Np)(biph)][BArF
4]a

M = Rh, 3 M = Ir, 4

T 50 K 100 K 150 K 50 K 100 K 150 K

M1−P2 2.2802(12) 2.2822(6) 2.2842(7) 2.2922(12) 2.2945(10) 2.2944(10)
M1−P3 2.3260(13) 2.3331(7) 2.3335(7) 2.3239(12) 2.3245(11) 2.3256(10)
M1−N20 2.152(4) 2.156(2) 2.157(2) 2.146(4) 2.150(3) 2.149(3)
M1−C4 2.016(3) 2.012(2) 2.012(2) 2.025(4) 2.022(4) 2.025(4)
M1−C15 2.037(4) 2.035(2) 2.034(3) 2.050(4) 2.056(4) 2.056(3)
M1−C30 2.890(4) 2.887(3) 2.906(3) 2.822(5) 2.831(4) 2.842(4)
P2−M1−P3 163.17(4) 163.33(2) 163.42(2) 163.22(4) 163.25(4) 163.24(4)
N20−M1−C15 177.02(15) 177.16(8) 177.32(9) 176.44(16) 176.50(14) 176.57(13)
M1−P2−C28 110.71(17) 110.25(9) 110.54(10) 110.40(17) 110.35(15) 110.47(14)
P2−C28−C29 116.0(3) 116.23(18) 116.2(2) 115.2(3) 115.3(3) 115.3(3)
volume 7979.97(12) 8038.95(6) 8140.90(6) 7971.38(8) 8041.82(8) 8133.38(8)

aLabeling as indicated in Figure 3B.
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state, but there is no evidence of equivalent disorder in 3 and 4 at
the temperatures measured.6

Analysis of 3 and 4 by attenuated total reflection-infrared
(ATR-IR) spectroscopy provides further support for the
presence of substantial agostic interactions in the solid
state.3,18 The spectra show broad, reduced frequency ν(C−H)
stretching bands centered at 2682 and 2579 cm−1, respectively,
that are not present in the parent chloro derivatives 8 and 9
(Figure 4). These spectroscopic markers were not resolved for
the PNP-tBu analogues 1 and 2 but are of similar frequency to
those reported for macrocyclic MIII(biph) complexes C (Figure
1; M = Rh, 2682 cm−1; M = Ir, 2571 cm−1),7 which adopt
persistent agostic interactions in solution. The relative red shifts
of the ν(C−H) stretching bands are also consistent with
stronger Ir−H−C compared to Rh−H−C interactions inferred
geometrically from the crystal structures of 3 and 4.

In CD2Cl2 solution, 3 and 4 exhibit fluxional structures with
varying degrees of decoalescence from time-averaged C2v to Cs

symmetry evident from 1H NMR spectra collected from 308
down to 185 K at 500 MHz. Both symmetries are incompatible
with adoption of persistent agostic interactions, and the
principal dynamic is attributed to pseudorotation of the biph
ligand on the 1H NMR time scale (Cs ⇌ Cs → C2v; Figure S50).
This process is considerably more facile for rhodium congener 3,
where coalescence is reached within the upper-temperature limit
of the solvent, as evidenced by collection of a broadened C2v
symmetric 1H NMR spectrum at 308 K (Figure 5). Sharp Cs-
symmetric spectra of 3 and 4 were obtained upon cooling to 250
and 273 K, respectively, and simulation of variable-temperature
1H NMR data using gNMR enabled activation parameters
associated with the biph pseudorotation to be determined for
both complexes (3, ΔG298 K

‡= 57.3 ± 0.8 kJ mol−1; 4, ΔG298 K
‡ =

64.1 ± 1.5 kJ mol−1).19 Whilst the trend is to higher values, these
activation barriers are not statistically different from those
reported for 1 (56 ± 1 kJ mol−1) and 2 (62 ± 1 kJ mol−1),
respectively, where steric buttressing between the P-substituents

Figure 4. ATR-IR spectra of (A) RhIII(biph) complexes 3 and 8 and (B) IrIII(biph) complexes 4 and 9.

Figure 5. 1H NMR spectra of (A) RhIII(biph) complex 3 and (B) IrIII(biph) complex 4 showing the effect of temperature on the Np resonances
(CD2Cl2, 500 MHz).
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and the biph ligand was identified as a major contributing
factor.6 Thus, these data are consistent with adoption of stronger
agostic interactions in 3 and 4 compared to 1 and 2, respectively,
due to the considerably less sterically imposing nature of the Np-
substituents compared to the tBu-substituents. Viewed another
way, pseudorotation is hindered by ground state stabilization in
the former and transition state destabilization in the latter.

With respect to the adoption of agostic interactions in
solution, it is interesting to note that the onset of further
decoalesence is apparent at low temperatures from line
broadening of the most deshielded tBu resonances of the 2×
inequivalent Np-substituents of 3 and 4 in the 1H NMR spectra
(Figure 5). These signals are assigned to the tBu group proximal
to the vacant coordination site based on comparison to 8/9 and
NOESY experiments carried out at 200 K, with an appreciable
NOE interaction with the 6-biph signal detected. We tentatively
attribute this low energy process to dynamic interconversion
between C1 conformations on the 1H NMR time scale, where
agostic interactions are formed with Np-substituents of
opposing phosphine donors (C1 ⇌ C1 → Cs; Figure S50).
This phenomenon is most pronounced for 4, congruent with the
relative strength of the M−H−C interactions inferred in the
solid state.
2.4. Computational Analysis of Agostic Interactions in

3 and 4. To further scrutinize the agostic interactions, the
cations of 3 and 4 were analyzed using DFT-based computa-
tional methods at the ωB97X-D4/def2-TZVP level of theory.20

The optimized gas-phase structures are characterized by a slight
relaxation in geometry compared to the crystal structures, but
the trends in metal-based bond lengths and bond angles are well
reproduced. Most notably, whilst the agostic interactions are
contracted by ∼0.1 Å in silico, the observation of Rh−H−C >
Ir−H−C was verified computationally. The relative strength of
the 3c−2e bonding inferred from this metric was substantiated
by relaxed potential energy scans, in which elongation of theM−
H−C bond was found to have a greater energetic penalty for the
M = Ir (ΔE1 Å = +8.2 kcal mol−1) compared to Rh (ΔE1 Å = +6.7
kcal mol−1) congener.

The electronic structures of 3 and 4 have been examined using
the Natural Bond Orbital (NBO) approach21 and contrasted to
1 and 2 optimized at the same level of theory (Table 3). From

the second-order perturbation analysis, agostic interactions with
shorter M−H−C distances are associated with increased
stabilization energies (both σ-donation and π-back-donation),
decreased occupancy of the σCH NBOs, and increased
occupancy of the σ*CH NBOs. For complexes of the form
[M(PNP-R)(biph)]+, these results show that stronger agostic
interactions are formed for M = Ir compared to Rh (2 vs 1 and 4
vs 3; cf. 1.5× greater perturbation energies) and most
significantly for R = Np compared to tBu (viz. 1 vs 3 and 2 vs

4; cf. 3.3× greater perturbation energies). With respect to the
pincer ligand, closer inspection of the optimized structures
suggests that the flexible Np-substituents enable a more
favorable interaction between the C−H bond and frontier
molecular orbitals of the metal, as evidenced not only by shorter
M−H−Cdistances but also bymore obtuse C(biph)−M−H−C
angles (165.7°, 3; 166.7°, 4 vs 150.6°, 1; 151.7, 2). The latter are
more in line with pincers of type C, which feature persistent
ε-agostic interactions in solution (Figure 1).7

2.5. Reactivity of 3 and 4 with Carbon Monoxide.
Treatment of 3 and 4 with CO (1 atm) in DFB at room
temperature resulted in immediate conversion into the
corresponding carbonyl derivatives [M(PNP-Np)(biph)-
(CO)][BArF4] (M = Rh, 10, δ31P 23.2, 1JRhP = 96 Hz; Ir, 11,
δ31P −7.1) in quantitative spectroscopic yield (Scheme 4).

Microcrystalline samples were subsequently obtained from
solution by recrystallization from DFB/n-hexane in >70%
isolated yield, and extensively characterized, including structural
elucidation of 11 in the solid state by single-crystal X-ray
diffraction (Figure 6). Coordination of CO arrests biph
pseudorotation, conferring static Cs symmetry in CD2Cl2

Table 3. Calculated Geometric and NBO Properties of 1−4

PNP-tBu PNP-Np

M = Rh, 1 M = Ir, 2 M = Rh, 3 M = Ir, 4

M−H−C (Å) 2.975 2.932 2.790 2.731
ΔE2(σCH → ML*)
(kcal mol−1)

5.17 6.55 21.07 26.20

ΔE2(ML → σCH*)
(kcal mol−1)

3.75 7.69 11.42 18.59

occupancy σCH 1.961 1.946 1.919 1.893
occupancy σ*CH 0.009 0.010 0.015 0.022

Scheme 4. Preparation of MIII(CO) Complexesa

a[BArF4]− counterions omitted.

Figure 6. Solid-state structure of iridium(III) carbonyl 11; ellipsoids
drawn at 30% probability and anions omitted for clarity. Selected bond
lengths (Å) and angles (deg): Ir1−P2, 2.322(3); Ir1−P3, 2.365(3);
Ir1−N20, 2.148(6); Ir1−C4, 2.025(13); Ir1−C15, 2.064(8); Ir1−C16,
1.942(10), C16−O17, 1.145(13); P2−Ir1−P3, 164.20(10); N20−
Ir1−C15, 168.9(3); C4−Ir1−C16, 170.8(4).
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solution, and is further evidenced by 13C resonances at δ 189.7
(1JRhC = 44 Hz, 2JPC = 10 Hz) and 177.5 (2JPC = 7 Hz) and red-
shifted ν(CO) bands at 2056 and 2027 cm−1 for 10 and 11 in
CH2Cl2 solution, respectively. These outcomes contrast the
reactivity of 1 and 2 with CO, where under similar conditions no
reaction was observed for the former, and slow conversion into a
carbonyl derivative occurred for the latter (t = 6 h). Given that
we have established that PNP-Np is a considerably weaker net
doner than PNP-tBu,22 this difference in reactivity is best
reconciled by the considerably more flexible nature of the Np
groups. Indeed, from inspection of the solid-state structures of
the homologous series of IrIII(biph) complexes 4, 9 (Figure 3),
and 11 (Figure 6), a broad range of Np conformations is
apparent, with the proximal tBu groups being projected away
from the chloro and carbonyl ligands in the lattermost examples.

3. SUMMARY
We have described the synthesis and characterization of
rhodium(III) and iridium(III) 2,2′-biphenyl complexes that
complete a homologous series of five-coordinate PNP pincers
1−4, where the terminal P-donors of the pincer ligand are
substituted with either tert-butyl or neopentyl groups (Figure 7).

The new neopentyl-substituted examples 3 and 4 were prepared
by halide ion abstraction from coordinatively saturated chloro
precursors (8 and 9) and notable for the adoption of δ-agostic
interactions in the solid state by X-ray crystallography and ATR-
IR spectroscopy. These agostic interactions do not persist in
solution, where pseudorotation of the biphenyl ligand was
observed and quantified by variable-temperature 1H NMR
spectroscopy. The associated activation barriers are not
statistically different to those previously measured for the
respective tert-butyl-substituted analogues 1 and 2 but are
consistent with the adoption of stronger agostic interactions in 3
and 4, taking into account the relative steric bulk of the P-
substituents and supported by the solid-state metrics. The
strength of the agostic interactions in 1−4 was quantified by
DFT-based NBO analysis and, in agreement with the
experimental observations, calculated to be greater for M = Ir
> Rh (cf. 1.5× greater perturbation energies) and pincer ligand =
PNP-Np > PNP-tBu (cf. 3.3× greater perturbation energies).
The latter vindicates our hypothesis that more flexible
phosphine substituents enable adoption of stronger agostic
interactions and is despite the neopentyl-substituted pincer
ligand being a weaker net donor than the tert-butyl analogue.
The fluxional behavior of 3 and 4 is arrested by rapid reaction
with CO, conferring coordinatively saturated carbonyl deriva-
tives in both cases and underscores the flexible nature of the P-

substituents by reference to the reactivity of 1 (no reaction) and
2 (slow reaction).

4. EXPERIMENTAL SECTION
4.1. General Methods. All manipulations were performed under

an atmosphere of argon using Schlenk and glovebox techniques unless
otherwise stated. Glassware was oven-dried at 150 °C overnight and
flame-dried under vacuum prior to use. Molecular sieves were activated
by heating at 300 °C in vacuo overnight. PhF and DFB were purchased
from Fluorochem, predried over neutral Al2O3 for 4 h, dried over CaH2
overnight before being vacuum-distilled, freeze−pump−thaw degassed,
and finally dried over two batches of 3 Åmolecular sieves.14 CD2Cl2 was
freeze−pump−thaw degassed and dried over 3 Å molecular sieves.
C6D6 and SiMe4 were dried over Na overnight, distilled, freeze−pump−
thaw degassed, and stored over a K mirror. THF was vacuum-distilled
from Na/benzophenone and stored over 3 Å molecular sieves.
Anhydrous n-hexane was purchased from Sigma-Aldrich, sparged
with argon, and stored over 3 Å molecular sieves. Et2NHwas dried over
CaH2 overnight before being vacuum-distilled and freeze−pump−thaw
degassed prior to use. Other anhydrous solvents were purchased from
Acros Organics or Sigma-Aldrich, freeze−pump−thaw degassed, and
stored over 3 Å molecular sieves. Np2PCl,23 [Ir(COD)2][BArF4],

24

[Rh(dtbpm)(biph)Cl], [Ir(biph)(COD)Cl]2,
16 and Na[BArF4]

25 were
prepared using published procedures. [Rh(CO)2Cl]2 was prepared by
treatment of [Rh(cyclooctene)2Cl]2

26 with CO (1 atm) and
subsequent recrystallization from n-hexane. 2,6-Lutidine and
TMEDA were dried over Na and benzophenone overnight, vacuum-
distilled, freeze−pump−thaw degassed, and stored over 3 Å molecular
sieves. BH3·SMe2 was freeze−pump−thaw degassed prior to use. All
other reagents are commercial products, and were used as received.
NMR spectra were recorded on Bruker spectrometers under an argon
atmosphere at 298 K unless otherwise stated. 11B and 31P NMR spectra
were referenced externally to Et2O·BF3 and 85% H3PO4 standards,
respectively. Chemical shifts are quoted in ppm and coupling constants
in Hz. Virtual coupling constants are reported as the separation
between the first and third lines.27 In low symmetry complexes, the
inequivalent groups distal from the Cl/C−H/CO ligand are labeled
(when possible) with a prime. High-resolution (HR) electrospray
ionization mass spectrometry (ESI-MS) was recorded on a Bruker
Maxis Plus instrument. Microanalyses were performed at Elemental
Microanalysis Ltd.
4.2. Preparation of PNP-Np. Step 1. A solution of 2,6-lutidine

(0.20 mL, 1.7 mmol) and TMEDA (0.55 mL, 3.7 mmol) in Et2O (10
mL) was cooled to 0 °C, and nBuLi (1.6 M in hexanes, 2.5 mL, 4.0
mmol) was added dropwise. The colorless solution turned orange
immediately and was stirred at room temperature for a further 21 h. The
solution was then cooled to −78 °C, and a solution of Np2PCl (3.78
mmol) in Et2O (10 mL) was added dropwise. The solution turned
yellow with the precipitation of a white solid, and the mixture was
heated at 30 °C for 92 h. The yellow solution was filtered, and volatiles
were removed under reduced pressure to afford 0.88 g of crude PNP-
Np, which was used without further purification.

Step 2. A solution of crude PNP-Np (0.88 g) in THF (15 mL) was
cooled to −78 °C, and BH3·SMe2 (0.41 mL, 4.3 mmol) was added. The
resulting mixture was stirred at room temperature for 30 min before
quenching with saturated aqueous NH4Cl (20 mL). The organic phase
was extracted, dried over MgSO4, and filtered. Volatiles were removed
under reduced pressure to afford a white solid, which was purified via
column chromatography (7:3 v/v CH2Cl2/n-hexane, RF = 0.45). Yield:
0.53 g (1.1 mmol, 65% with respect to 2,6-lutidine).

Step 3. PNP-Np·(BH3)2 (0.140 g, 0.292 mmol) was suspended in
Et2NH (20 mL) and heated at reflux for 48 h. Volatiles were removed
under reduced pressure to give a white solid. Pentane was added (2mL)
and removed under reduced pressure to form an azeotrope with any
remaining Et2NH. The product was extracted into a small quantity of
THF to afford the product as a white solid upon removal of volatiles
under reduced pressure. Yield 0.110 g (0.244 mmol, 84%). Data are
consistent with the literature.11

Data for PNP-Np·(BH3)2:

Figure 7. Summary of discussion.
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1H NMR (CDCl3, 500 MHz): δ 7.59 (t, 3JHH = 7.7, 1H, 4-py), 7.12
(d, 3JHH = 7.6, 2H, 3-py), 3.19 (d, 2JPH = 9.9, 4H, pyCH2), 1.87 (dd, 2JPH
= 14.9, 2JHH = 12.2, 4H, CH2tBu), 1.56 (dd, 2JHH = 10.5, 2JPH = 4.3, 4H,
CH2tBu), 1.13 (s, 36H, tBu), 0.4−1.4 (obscured partially collapsed
quartet, 6H, BH3).

13C{1H} NMR (CDCl3, 126MHz): δ 154.3 (dd, 2JPC = 8, 4JPC = 2, 2-
py), 136.8 (s, 4-py), 123.4 (dd, 3JPC = 4, 5JPC = 2, 3-py), 39.4 (d, 1JPC =
28, CH2tBu), 38.6 (d, 1JPC = 30, pyCH2), 32.4 (s, tBu{C}), 31.6 (d, 3JPC
= 6, tBu{CH3}).

31P{1H} NMR (CDCl3, 162 MHz): δ 10.7 (partially collapsed
quartet, fwhm = 125 Hz).

11B{1H} NMR (CDCl3, 96 MHz): δ −35.9 (br).
HR ESI-MS (positive ion, 4 kV): 502.4050 ([M+Na]+, calcd

502.4054) m/z.
Data for PNP-Np:
1H NMR (C6D6, 500MHz): δ 7.07 (t, 3JHH = 7.7, 1H, 4-py), 6.79 (d,

3JHH = 7.6, 2H, 3-py), 2.96 (d, 2JPH = 1.8, 4H, pyCH2), 1.77 (dd, 2JHH =
14.2, 2JPH = 4.1, 4H, CH2tBu), 1.29 (dd, 2JHH = 14.2, 2JPH = 3.3, 4H,
CH2tBu), 1.05 (s, 36H, tBu).

13C{1H} NMR (C6D6, 126 MHz): δ 159.1 (d, 2JPC = 4, 2-py), 135.8
(s, 4-py), 120.6 (dd, 3JPC = 5, 5JPC = 2, 3-py), 44.8 (d, 1JPC = 18,
CH2tBu), 40.4 (d, 1JPC = 18, pyCH2), 31.7 (d, 2JPC = 15, tBu{C}), 31.1
(d, 3JPC = 9, tBu{CH3}).

31P{1H} NMR (C6D6, 162 MHz): δ −39.9 (s).
HR ESI-MS (positive ion, 4 kV): 452.3559 ([M+H]+, calcd

452.3570) m/z.
4.3. Preparation of [Rh(PNP-Np)(CO)][BArF4] 5. A solution of

PNP-Np (12.1 mg, 26.8 μmol) in PhF (0.5 mL) was transferred into a J
Young valve NMR tube charged with [Rh(CO)2Cl]2 (5.3 mg, 14 μmol)
and Na[BArF4] (27.0 mg, 30.5 μmol) and agitated at room temperature
for 30 min. The yellow solution was filtered, and volatiles were removed
under reduced pressure to give a yellow residue, which was washed with
n-hexane (0.5 mL) and dried. The resulting solid was extracted into
CH2Cl2, and volatiles were removed under reduced pressure to afford
the product as a yellow solid. Yield: 28.4 mg (19.6 μmol, 73%). Single
crystals suitable for X-ray diffraction were obtained by slow diffusion of
n-hexane into a CD2Cl2 solution at ambient temperature.

1H NMR (CD2Cl2, 500 MHz): δ 7.76 (t, 3JHH = 7.8, 1H, 4-py),
7.71−7.74 (m, 8H, ArF), 7.56 (br, 4H, ArF), 7.38 (d, 3JHH = 7.8, 2H, 3-
py), 3.85 (vt, JPC = 8.5, 4H, pyCH2), 2.09 (dvt, 2JHH = 14.8, JPH = 5.7,
4H, CH2tBu), 2.01 (dm, 2JHH = 14.8, 4H, CH2tBu), 1.17 (s, 36H, tBu).

13C{1H} NMR (CD2Cl2, 126 MHz): δ 193.4 (dt, 1JRhC = 71, 2JPC =
15, CO), 163 (obscured, 2-py), 162.2 (q, 1JCB = 50, ArF), 141.0 (s, 4-
py), 135.2 (s, ArF), 129.3 (qq, 2JFC = 32, 3JCB = 3, ArF), 125.0 (q, 1JFC =
272, CF3), 122.7 (vt, JPC = 11, 3-py), 117.9 (sept, 3JFC = 4, ArF), 46.2
(vtd, JPC = 25, 2JRhC = 1, CH2tBu), 45.5 (vt, JPC = 23, pyCH2), 32.0 (s,
tBu{C}), 31.9 (vt, JPC = 6, tBu{CH3}).

31P{1H} NMR (CD2Cl2, 162 MHz): δ 17.4 (d, 1JRhP = 121).
IR (CH2Cl2): ν(CO) = 2004 cm−1. ATR-IR: ν(CO) = 2010 cm−1.
HR ESI-MS (positive ion, 4 kV): 582.2489 ([M]+, calcd 582.2495)

m/z.
Anal. Calcd for C60H63BF24NOP2Rh (1445.79 g mol−1): C, 49.85;

H, 4.39; N, 0.97; found: C, 50.08; H, 4.32; N, 0.98.
4.4. Preparation of of [Ir(PNP-Np)(CO)][BArF4] 6. Step 1,

Preparation of [Ir(PNP-Np′)H][BArF4] 7. In a modification of the
procedure reported by Yamashita and Nozaki,11 PNP-Np (20.1 mg,
44.5 μmol) and [Ir(COD)2][BArF4] (57.0 mg, 44.8 μmol) were
dissolved in DFB (10 mL), and the red solution was stirred at room
temperature for 30 min. Volatiles were removed under reduced
pressure to give the product as a deep red solid, which was washed with
n-hexane (5 mL) and dried. Yield: 43.9 mg (29.1 μmol, 65%). Data are
consistent with the literature.11 Single crystals suitable for X-ray
diffraction were obtained by slow diffusion of n-hexane into a DFB
solution at room temperature.

Step 2. In amodification of the procedure reported by Yamashita and
Nozaki, a solution of [Ir(PNP-Np′)H][BArF4] (8.0 mg, 5.3 μmol) in
DFB (0.5 mL) was prepared in a J Young valve NMR tube, freeze−
pump−thaw degassed, placed under CO (1 atm), and then gently
shaken at room temperature. An immediate color change from red to
pale yellow was observed. Volatiles were removed under reduced

pressure, and the resulting residue was washed with n-hexane (0.5 mL)
and dried in vacuo. This procedure afforded 7.2 mg of the crude product
as a yellow solid in ∼91% purity (by 31P{1H}NMR), which was used for
IR analysis without further purification. Data are consistent with the
literature.11

Data for [Ir(PNP-Np′)H][BArF4] 7:
1H NMR (CD2Cl2, 500 MHz): δ 7.80 (t, 3JHH = 7.8, 1H, 4-py),

7.70−7.74 (m, 8H, ArF), 7.56 (s, 4H, ArF), 7.51 (d, 3JHH = 7.7, 2H, 3,5-
py), 4.05−4.16 (m, 1H, pyCH2), 3.80−3.95 (m, 2H, 2× pyCH2), 3.55
(dd, 2JHH = 17.1, 2JPH = 8.4, 1H, pyCH2), 2.67 (br m, 1H, IrCH2), 2.49
(dd, 2JHH = 15.2, 2JPH = 8.0, 1H, CH2tBu), 2.42 (dd, 2JHH = 15.8, 2JPH =
9.6, 1H, CH2tBu), 2.14−2.28 (m, 2H, 2× CH2tBu), 2.06 (dd, 2JHH =
14.8, 2JPH = 6.2, 1H, CH2tBu), 1.74 (dd, 2JHH = 14.6, 2JPH = 10.4, 1H,
CH2tBu), 1.55−1.64 (m, 1H, PCH2CMe2CH2Ir), 1.23 (s, 9H,
tBu{PNp2}), 1.18 (s, 9H, tBu{PNp′}), 1.05 (s, 3H, PCH2CMe2CH2Ir),
1 .01 (s , 3H, PCH2CMe2CH2Ir) , 0 .81−0 .92 (m, 2H,
PCH2CMe2CH2Ir), 0.38 (s, 9H, tBu{PNp2}), −16.81 (t, 2JPH = 12,
1H, IrH).

31P{1H} NMR (CD2Cl2, 162 MHz): δ 28.5 (d, 2JPP = 316, 1P,
PNp′), 18.5 (d, 2JPP = 316, PNp2).

HR ESI-MS (positive ion, 4 kV): 644.3115 ([M]+, calcd 644.3122)
m/z.

Data for [Ir(PNP-Np)(CO)][BArF4] 6:
1H NMR (CD2Cl2, 500 MHz): δ 7.87 (t, 3JHH = 7.8, 1H, 4-py, 1H),

7.69−7.74 (m, 8H, ArF), 7.56 (br, 4H, ArF), 7.49 (d, 3JHH = 7.8, 2H, 3-
py), 3.93 (vt, JPH = 8.7, 4H, pyCH2), 2.23 (dvt, 2JHH = 14.9, JPH = 8.1,
4H, CH2tBu), 2.16 (dvt, 2JHH = 14.9, JPH = 6.3, 4H, CH2tBu), 1.17 (s,
36H, tBu).

31P{1H} NMR (CD2Cl2, 162 MHz): δ 13.6 (s).
IR (CH2Cl2): ν(CO) = 1991 cm−1. ATR-IR: ν(CO) = 1999 cm−1.
HR ESI-MS (positive ion, 4 kV): 672.3070 ([M]+, calcd 672.3071)

m/z.
4.5. Preparation of [Rh(PNP-Np)(biph)Cl] 8. A suspension of

PNP-Np (111.0 mg, 0.246 mmol) and [Rh(biph)(dtbpm)Cl] (146.3
mg, 0.246mmol) in PhF (10mL)was heated at reflux for 18 h. Volatiles
were removed under reduced pressure to give an orange residue, which
was extracted into CH2Cl2 (10 mL), and the product was isolated as an
off-white solid upon removal of volatiles, which was washed with
pentane (3 × 5 mL) and dried. Yield: 128.6 mg (0.173 mmol, 70%).
Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of SiMe4 into a CH2Cl2 solution at −30 °C.

1H NMR (CD2Cl2, 600 MHz): δ 8.04 (d, 3JHH = 7.5, 1H, 6-biph),
7.72 (t, 3JHH = 7.8, 1H, 4-py), 7.49 (dd, 3JHH = 7.6, 4JHH = 1.5, 1H, 3′-
biph), 7.42 (dd, 3JHH = 7.5, 4JHH = 1.5, 1H, 3-biph), 7.37 (d, 3JHH = 7.8,
2H, 3-py), 6.92 (t, 3JHH = 7.3, 1H, 4′-biph), 6.88 (t, 3JHH = 7.3, 1H, 4-
biph), 6.82 (td, 3JHH = 7.3, 4JHH = 1.5, 1H, 5-biph), 6.64 (td, 3JHH = 7.4,
4JHH = 1.5, 1H, 5′-biph), 6.29 (d, 3JHH = 7.5, 1H, 6′-biph), 4.14 (dvt,
2JHH = 16.1, JPH = 9.0, 2H, pyCH2), 3.96 (dvt, 2JHH = 16.1, JPH = 8.2, 2H,
pyCH2′), 2.38 (dvtd, 2JHH = 14.7, JPH = 7.2, 3JRhH = 1.3, 2H, CH2tBu),
2.28 (dvt, 2JHH = 14.7, JPH = 6.0, 2H, CH2tBu), 1.42 (d app q, 2JHH =
15.4, J = 1.9, 2H, CH2tBu′), 1.30 (dvt, 2JHH = 15.4, JPH = 5.8, 2H,
CH2tBu′), 1.01 (s, 18H, tBu), 0.58 (s, 18H, tBu′).

13C{1H} NMR (CD2Cl2, 126MHz): δ 166.4 (dt, 1JRhC = 35, 2JPC = 9,
1′-biph), 165.7 (dt, 1JRhC = 30, 2JPC = 9, 1-biph), 160.3 (vt, JPC = 7, 2-
py), 155.1 (br, 2′-biph), 151.9 (br, 2-biph), 137.9 (s, 6-biph), 137.4 (s,
4-py), 133.7 (t, 2JPC = 2, 6′-biph), 125.2 (s, 5′-biph), 124.5 (s, 5-biph),
122.6 (s, 4′-biph), 121.6 (vt, JPC = 10, 3-py), 121.3 (s, 4-biph), 120.7 (s,
3′-biph), 119.3 (s, 3-biph), 43.3 (vt, JPC = 22, pyCH2), 37.9 (vt, JPC =
18, CH2tBu), 33.6 (vtd, JPC = 16, 2JRhC = 3, CH2tBu′), 32.5 (vt, JPC = 6,
tBu{CH3}), 32.2 (vt, JPC = 6, tBu{C}), 32.04 (br, tBu′{C}), 31.95 (vt,
JPC = 5, tBu′{CH3}).

31P{1H} NMR (CD2Cl2, 243 MHz): δ 26.2 (d, 1JRhP = 109).
HR ESI-MS (positive ion, 4 kV): 706.3166 ([M−Cl]+, calcd

706.3172) m/z.
Anal. Calcd for C39H59ClNP2Rh (742.21 g mol−1): C, 63.11; H,

8.01; N, 1.89; Found: C, 63.39; H, 7.88; N, 1.79.
4.6. Preparation of [Ir(PNP-Np)(biph)Cl] 9. A suspension of

PNP-Np (108.3 mg, 0.240 mmol) and [Ir(biph)(COD)Cl]2 (93.7 mg,
0.0960 mmol) in PhF (10 mL) was heated at reflux for 24 h, giving a
yellow solution. Volatiles were removed under reduced pressure to
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afford the product as a pale yellow solid, which was washed with
pentane (3 × 5 mL) and dried. Yield: 127 mg (0.153 mmol, 64%).
Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of n-hexane into a PhF solution at −30 °C.

1H NMR (CD2Cl2, 600 MHz): δ 7.91 (d, 3JHH = 7.4, 1H, 6-biph),
7.76 (t, 3JHH = 7.8, 1H, 4-py), 7.46 (dd, 3JHH = 7.6, 4JHH = 1.5, 1H, 3′-
biph), 7.41 (d, 3JHH = 7.8, 2H, 3-py), 7.40 (dd, 3JHH = 7.5, 4JHH = 1.4,
1H, 3-biph), 6.88 (t, 3JHH = 7.3, 1H, 4′-biph), 6.84 (t, 3JHH = 7.2, 1H, 4-
biph), 6.78 (td, 3JHH = 7.3, 4JHH = 1.5, 1H, 5-biph), 6.57 (td, 3JHH = 7.3,
4JHH = 1.5, 1H, 5′-biph), 6.26 (d, 3JHH = 7.4, 1H, 6′-biph), 4.09 (dvt,
2JHH = 16.2, JPH = 9.3, 2H, pyCH2), 3.99 (dvt, 2JHH = 16.2, JPH = 8.6, 2H,
pyCH2′), 2.39 (dvt, 2JHH = 14.7, JPH = 7.2, 2H, CH2tBu), 2.25 (dvt, 2JHH
= 14.7, JPH = 7.0, 2H, CH2tBu), 1.50 (dvt, 2JHH = 15.4, JPH = 4.6, 2H,
CH2tBu′), 1.32 (dvt, 2JHH = 15.3, JPH = 6.8, 2H, CH2tBu′), 1.01 (s, 18H,
tBu), 0.58 (s, 18H, tBu′).

13C{1H} NMR (CD2Cl2, 126 MHz): δ 161.7 (vt, JPC = 6, 2-py),
156.1 (s, 2′-biph), 153.2 (s, 2-biph), 145.6 (t, 2JPC = 7, 1-biph), 145.0 (t,
2JPC = 7, 1′-biph), 137.6 (s, 4-py), 136.6 (s, 6-biph), 132.0 (s, 6′-biph),
125.3 (s, 5′-biph), 124.8 (s, 5-biph), 122.0 (s, 4′-biph), 121.3 (vt, JPC =
9, 3-py), 120.7 (s, 3′-biph), 120.6 (s, 4-biph), 119.3 (s, 3-biph), 43.6 (vt,
JPC = 27, pyCH2), 36.8 (vt, JPC = 23, CH2tBu), 32.4 (vt, JPC = 6,
tBu{CH3}), 32.3 (vt, JPC = 22, CH2tBu′), 32.0 (vt, JPC = 6, tBu/
tBu′{C}), 31.9 (vt, JPC = 5, tBu/tBu′{C}), 32.3 (vt, JPC = 6,
tBu′{CH3}).

31P{1H} NMR (CD2Cl2, 243 MHz): δ 0.6 (s).
HR ESI-MS (positive ion, 4 kV): 796.3743 ([M−Cl]+, calcd

796.3749) m/z.
Anal. Calcd for C39H59ClNIrP2 (831.52 g mol−1): C, 56.33; H, 7.15;

N, 1.68; found: C, 56.02; H, 7.12; N, 1.64.
4.7. Preparation of [Rh(PNP-Np)(biph)][BArF4] 3. A suspension

of [Rh(PNP-Np)(biph)Cl] (94.4 mg, 0.127 mmol) and Na[BArF4]
(113.5 mg, 0.128 mmol) in PhF (10 mL) was stirred at room
temperature for 30 min. The solution was filtered, and the product was
obtained as a yellow solid upon removal of volatiles, which was washed
with pentane (5 mL) and dried. Yield: 172 mg (0.109 mmol, 86%).
Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of SiMe4 into a CH2Cl2/n-hexane solution at −30 °C.

1H NMR (CD2Cl2, 200 K, 500 MHz): δ 7.84 (t, 3JHH = 7.8, 1H, 4-
py), 7.70−7.75 (m, 8H, ArF), 7.53 (obs d, 3JHH = 8, 2H, 3-py), 7.53 (br,
4H, ArF), 7.51 (obs d, 3JHH = 7, 1H, 3-biph), 7.46 (app d, 2H, 3JHH = 8,
6-biph + 3′-biph), 7.04 (t, 3JHH = 7.4, 1H, 4-biph), 6.98 (obs t, 3JHH = 7,
1H, 4′-biph), 6.96 (obs t, 3JHH = 7, 1H, 5-biph), 6.63 (t, 3JHH = 7.5, 1H,
5′-biph), 5.71 (d, 3JHH = 7.9, 1H, 6′-biph), 3.88 (vt, JPH = 8.0, 4H,
pyCH2 + pyCH2′), 2.23 (d, 2JHH = 15.2, 2H, CH2tBu), 1.79 (dvt, 2JHH =
15.2, JPH = 7.0, 2H, CH2tBu), 1.36 (dvt, 2JHH = 15.2, JPH = 7.4, 2H,
CH2tBu′), 1.26 (dvt, 2JHH = 15.2, JPH = 5.4, 2H, CH2tBu′), 0.83 (s, 18H,
tBu), 0.49 (s, 18H, tBu′).

31P{1H} NMR (CD2Cl2, 202 MHz): δ 23.8 (d, 1JRhP = 111).
31P{1H} NMR (CD2Cl2, 200 K, 202 MHz): δ 26.9 (d, 1JRhP = 109).
ATR-IR: ν(agostic CH) = 2682 cm−1.
HR ESI-MS (positive ion, 4 kV): 706.3166 ([M]+, calcd 706.3172)

m/z.
Anal. Calcd for C71H71BF24NP2Rh (1569.98 g mol−1): C, 54.32; H,

4.56; N, 0.89; found: C, 54.67; H, 4.49; N, 0.92.
4.8. Preparation of [Ir(PNP-Np)(biph)][BArF4] 4. A suspension

of [Ir(PNP-Np)(biph)Cl] (106.4 mg, 0.128 mmol) and Na[BArF4]
(124.1 mg, 0.140 mmol) in PhF (10 mL) was stirred at room
temperature for 1 h. The solution was filtered, and the product was
obtained as an orange solid upon removal of volatiles, washed with
pentane (5 mL), and dried. Yield: 177.3 mg (1.07 mmol, 84%). Single
crystals suitable for X-ray diffraction were obtained by slow diffusion of
SiMe4 into a CH2Cl2 solution at −30 °C.

1H NMR (CD2Cl2, 200 K, 500 MHz): δ 7.88 (t, 3JHH = 7.8, 1H, 4-
py), 7.71−7.75 (m, 8H, ArF), 7.60 (d, 3JHH = 7.8, 2H, 3-py), 7.53 (br,
4H, ArF), 7.51 (d, 3JHH = 7.7, 1H, 3-biph), 7.47 (d, 3JHH = 7.4, 1H, 6-
biph), 7.42 (d, 3JHH = 7.6, 1H, 3′-biph), 6.99 (t, 3JHH = 7.4, 1H, 4-biph),
6.93 (t, 3JHH = 7.4, 1H, 5-biph), 6.92 (t, 3JHH = 7.4, 1H, 4′-biph), 6.53 (t,
3JHH = 7.5, 1H, 5′-biph), 5.60 (d, 3JHH = 7.8, 1H, 6′-biph), 3.96 (dvt,
2JHH = 17.0, JPH = 8.8, 2H, pyCH2′), 3.87 (dvt, 2JHH = 17.0, JPH = 8.1,

2H, pyCH2), 2.36 (d, 2JHH = 15.4, 2H, CH2tBu), 1.75 (dvt, 2JHH = 15.4,
JPH = 8.2, 2H, CH2tBu), 1.42 (dvt, 2JHH = 15.5, JPH = 7.6, 2H, CH2tBu′),
1.30 (dvt, 2JHH = 15.5, JPH = 6.2, 2H, CH2tBu′), 0.79 (s, 18H, tBu), 0.48
(s, 18H, tBu′).

31P{1H} NMR (CD2Cl2, 202 MHz): δ 11.2 (s).
31P{1H} NMR (CD2Cl2, 200 K, 202 MHz): δ 12.6 (s).
ATR-IR: ν(agostic CH) = 2579 cm−1.
HR ESI-MS (positive ion, 4 kV): 796.3755 ([M]+, calcd 796.3749)

m/z.
Anal. Calcd for C71H71BF24IrNP2 (1659.29 g mol−1): C, 51.39; H,

4.31; N, 0.84; found: C, 51.52; H, 4.19; N, 0.87.
4.9. Analysis of 3 and 4 by Variable-Temperature NMR

Spectroscopy. Data were collected using 20 mM solutions of 3 and 4
in CD2Cl2 (0.6 mL) within a flame-sealed NMR tube on a 500 MHz
Bruker spectrometer. Samples were equilibrated at the required
temperature for at least 5 min before data were acquired. The line
fitting modeled the exchange rates on the CH2tBu signals using the
gNMR software version 4.1.2.19 Reference line widths and coupling
constants were fixed following analysis of low-temperature data.
Activation parameters were determined by Eyring analysis of the
associated rate constants (see SI).

4.10. Preparation of [Rh(PNP-Np)(biph)(CO)][BArF4] 10. A 20
mM solution of [Rh(PNP-Np)(biph)][BArF4] (15.7 mg, 10.0 μmol) in
DFB (0.5 mL) was prepared in a J Young valve NMR tube, freeze−
pump−thaw degassed, placed under CO (1 atm), and then gently
shaken at room temperature. An immediate color change from yellow
to colorless was observed. The solution was freeze−pump−thaw
degassed and placed under Ar, and the product was obtained as
colorless crystals by recrystallization from DFB/n-hexane. Yield: 11.4
mg (7.13 μmol, 71%). Satisfactory microanalysis was unable to be
obtained for this material, presumably due to partial loss of CO in the
solid state over time, which was accelerated by exposure to a dynamic
vacuum and was confirmed by dissolution in solution and analysis by
NMR spectroscopy.

1H NMR (CD2Cl2, 500 MHz): δ 7.95 (t, 3JHH = 7.8, 1H, 4-py),
7.69−7.74 (m, 9H, ArF + 3′-biph), 7.64 (dd, 3JHH = 7.7, 4JHH = 1.6, 1H,
3-biph), 7.60 (d, 3JHH = 7.8, 2H, 3-py), 7.54 (m, 5H, 6-biph + ArF), 7.17
(t, 3JHH = 7.4, 1H, 4′-biph), 7.12 (t, 3JHH = 7.4, 1H, 4-biph), 6.99 (td,
3JHH = 7.4, 4JHH = 1.5, 1H, 5-biph), 6.87 (t, 3JHH = 7.4, 1H, 5′-biph), 5.96

Table 4. Rate Constants and Thermodynamic Data for 3:

T (K) log(kexch) kexch (s−1) ln(kexch/T)

225 −0.4507 0.35 −6.454
250 0.8156 6.54 −3.643
273 1.8307 67.72 −1.394
298 2.7600 575.44 0.658
308 3.0590 1145.51 1.314

ΔH‡ = 54.2 ± 0.4 kJ mol−1

ΔS‡ = −10.4 ± 1.5 J mol−1 K−1

ΔG298 K
‡ = 57.3 ± 0.8 kJ mol−1

Table 5. Rate Constants and Thermodynamic Data for 4:

T (K) log(kexch) kexch (s−1) ln(kexch/T)

283 0.6922 4.92 −4.052
288 1.0109 10.25 −3.335
293 1.2807 19.09 −2.731
298 1.5515 35.60 −2.125
303 1.8288 67.42 −1.503
308 2.0796 120.12 −0.942

ΔH‡ = 89.7 ± 0.8 kJ mol−1

ΔS‡ =86.0 ± 2.6 J mol−1 K−1

ΔG298 K
‡ = 64.1 ± 1.5 kJ mol−1
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(d, 3JHH = 7.6, 1H, 6′-biph), 4.38 (dvt, 2JHH = 17.3, JPH = 9.4, 2H,
pyCH2′), 3.80 (dvt, 2JHH = 17.3, JPH = 7.4, 2H, pyCH2), 2.54 (d app q,
2JHH = 15.2, J = 2.4, 2H, CH2tBu), 2.17 (dvt, 2JHH = 15.2, JPH = 5.2, 2H,
CH2tBu),1.29 (dvt, 2JHH = 15.9, JPH = 5.6, 2H, CH2tBu′), 1.19 (dvt,
2JHH = 15.9, JPH = 6.4, 2H, CH2tBu′), 1.00 (s, 18H, tBu), 0.70 (s, 18H,
tBu′).

13C{1H} NMR (CD2Cl2, 126 MHz): δ 189.7 (dt, 1JRhC = 44, 2JPC =
10, CO), 166.0 (dt, 1JRhC = 26, 2JPC = 9, 1′-biph), 162.2 (q, 1JCB = 50,
ArF), 159.3 (vt, JPC = 5, 2-py), 155.0 (dt, 1JRhC = 29, 2JPC = 7, 1-biph),
153.1 (s, 2′-biph), 151.3 (s, 2-biph), 140.8 (s, 4-py), 139.0 (s, 6-biph),
135.2 (br, ArF), 132.3 (vt, JPC = 4, 6′-biph), 129.3 (qq, 2JFC = 32, 3JCB =
3, ArF), 127.8 (s, 5-biph), 127.8 (s, 5′-biph), 126.2 (s, 4′-biph), 125.0
(q, 1JFC = 272, CF3), 124.7 (s, 4-biph), 123.8 (vt, JPC = 10, 3-py), 123.1
(s, 3′-biph), 122.7 (s, 3-biph), 117.9 (sept, 3JFC = 4, ArF), 44.9 (vt, JPC =
21, CH2tBu), 44.2 (vt, JPC = 24, pyCH2), 33.9 (vtd, JPC = 19, 2JRhC = 2,
CH2tBu′), 33.3 (vt, JPC = 8, tBu′{C}), 32.7 (s, tBu{C}), 32.3 (vt, JPC =
6, tBu{CH3}), 31.9 (vt, JPC = 6, tBu′{CH3}).

31P{1H} NMR (CD2Cl2, 162 MHz): δ 23.2 (d, 1JRhP = 96).
IR (CH2Cl2): ν(CO) = 2056 cm−1. ATR-IR: ν(CO) = 2058 cm−1.
HR ESI-MS (positive ion, 4 kV): 706.3163 ([M−CO]+, calcd

706.3172) m/z.
4.11. Preparation of [Ir(PNP-Np)(biph)(CO)][BArF4] 11. A 20

mM solution of [Ir(PNP-Np)(biph)][BArF4] (16.6 mg, 10.0 μmol) in
DFB (0.5 mL) was prepared in a J Young valve NMR tube, freeze−
pump−thaw degassed, placed under CO (1 atm), and then gently
shaken at room temperature. An immediate color change from yellow
to colorless was observed. The solution was freeze−pump−thaw
degassed and placed under Ar, and the product was obtained as
colorless crystals by recrystallization from DFB/n-hexane, some of
which were suitable for analysis by X-ray diffraction. Yield: 12.4 mg
(7.34 μmol, 73%).

1H NMR (CD2Cl2, 500 MHz): δ 8.00 (t, 3JHH = 7.9, 1H, 4-py),
7.71−7.74 (m, 9H, ArF + 3′-biph), 7.65−7.68 (m, 3H, 3-py + 6-biph),
7.64 (dd, 3JHH = 7.8, 4JHH = 1.5, 1H, 3-biph), 7.56 (br, 4H, ArF), 7.18
(td, 3JHH = 7.5, 4JHH = 1.3, 1H, 4′-biph), 7.09 (t, 3JHH = 7.5, 1H, 4-biph),
6.95 (td, 3JHH = 7.4, 4JHH = 1.5, 1H, 5-biph), 6.88 (td, 3JHH = 7.4, 4JHH =
1.4, 1H, 5′-biph), 5.89 (dd, 3JHH = 7.5, 4JHH = 1.4, 1H, 6′-biph), 4.58
(dvt, 2JHH = 17.4, JPH = 9.8, 2H, pyCH2′), 3.89 (dvt, 2JHH = 17.3, JPH =
8.2, 2H, pyCH2), 2.70 (dvt, 2JHH = 15.1, JPH = 5.4, 2H, CH2tBu), 2.31
(dvt, 2JHH = 15.2, JPH = 6.2, 2H, CH2tBu), 1.37 (dvt, 2JHH = 16.1, JPH =
6.4, 2H, CH2tBu′), 1.21 (dvt, 2JHH = 15.9, JPH = 7.6, 2H, CH2tBu′), 1.00
(s, 18H, tBu), 0.69 (s, 18H, tBu′).

13C{1H} NMR (CD2Cl2, 126MHz): δ 177.5 (t, 2JPC = 7, CO), 162.2
(q, 1JCB = 50, ArF), 161.1 (vt, JPC = 4, 2-py), 154.8 (br, 2′-biph), 152.9
(t, 2JPC = 10, 1′-biph), 151.3 (s, 2-biph), 141.0 (s, 4-py), 138.6 (s, 6-
biph), 135.2 (br, ArF), 134.5 (t, 2JPC = 6, 1-biph), 131.8 (t, 3JPC = 2, 6′-
biph), 129.3 (qq, 2JFC = 32, 3JCB = 3, ArF), 128.2 (s, 5-biph), 127.8 (s, 5′-
biph), 126.4 (s, 4′-biph), 125.0 (q, 1JFC = 272, CF3), 124.5 (s, 4-biph),
123.5 (vt, JPC = 10, 3-py), 123.2 (s, 3′-biph), 122.5 (s, 3-biph), 117.9
(sept, 3JFC = 4, p-ArF), 45.3 (vt, JPC = 29, pyCH2), 44.0 (vt, JPC = 26,
CH2tBu), 33.0 (vt, JPC = 7, tBu{C}), 32.6 (vt, JPC = 2, tBu′{C}), 32.5
(vt, JPC = 25, CH2tBu′), 32.2 (vt, JPC = 6, tBu{CH3}), 31.8 (vt, JPC = 6,
tBu′{CH3}).

31P{1H} NMR (CD2Cl2, 162 MHz): δ −7.1 (s).
IR (CH2Cl2): ν(CO) = 2027 cm−1. ATR-IR: ν(CO) = 2028 cm−1.
HR ESI-MS (positive ion, 4 kV): 824.3691 ([M]+, calcd 824.3698)

m/z.
Anal. Calcd for C72H71BF24IrNOP2 (1687.30 g mol−1): C, 51.25; H,

4.24; N, 0.83; found: C, 51.10; H, 4.10; N, 0.82.
4.12. Crystallography. Data were collected on a Rigaku Oxford

Diffraction SuperNova AtlasS2 CCD diffractometer using graphite
monochromated Cu Kα radiation and anOxford Cryosystems N-HeliX
cryostat (150 K for all complexes with additional collections at 50 and
100 K for 3 and 4). Data were collected and reduced using
CrysAlisPro.28 The structures were solved using SHELXT and refined
using SHELXL through the Olex2 interface.29,30 All nonhydrogen
atoms were refined anisotropically. Except for the hydride ligand in 7,
hydrogen atoms were placed in calculated positions and refined using
the riding model. Full details for all structures reported are documented

in the CIF, which have been deposited with the Cambridge
Crystallographic Data Centre under CCDC 2327903−2327913.
4.13. Computational Details. Density functional theory calcu-

lations were carried out using the ORCA 5.0.3 program,31 employing
Goerigk’s dispersion corrected ωB97X-D4 functional with the def2-
TZVP basis set on all atoms and the associated def2-ECP effective core
potential on Rh and Ir.20 The RIJCOSX approximation was used to
reduce the computational cost of calculations using the def2/J auxiliary
basis set and integration grids set to DefGrid3.32 All stationary points
were verified to be minima (zero imaginary frequency) by frequency
analysis at the same level of theory. NBO analyses were carried out
using NBO 6.0.21
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