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Rational Design of Rhodium Complexes Featuring κ4N,N,N,N- and κ5-N,N,N,P,P-Bis(imino)pyridine Ligands
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The addition of aminoalkyl-substituted 2,6-bis(imino)pyridine (or pyridine diimine, PDI) ligands to [(COD)RhCl]2
(COD = 1,5-cyclooctadiene) resulted in the formation of rhodium monochloride complexes with the general formula
(NPDI)RhCl (NPDI = iPr2NEtPDI or Me2NPrPDI). The investigation of (iPr2NEtPDI)RhCl and (Me2NPrPDI)RhCl by single-crystal
X-ray diffraction verified the absence of amine arm coordination and a pseudo square-planar geometry about rhodium.
Replacement of the chloride ligand with an outer-sphere
anion was achieved by adding AgBF4 directly to (iPr2NEtPDI)RhCl to form [(iPr2NEtPDI)Rh][BF4]. Alternatively, this complex
was prepared by chelate addition following the salt metathe-

Introduction
In recent years, 2,6-bis(imino)pyridine (or pyridine diimine, PDI) ligands have become an increasingly utilized
ligand class due to their ease of synthesis,[1] steric[2] and
electronic[3] modularity, and ability to coordinate to a wide
range of transition and alkali metal ions.[4] Furthermore,
the capacity of these chelates to accept one or more electrons from a metal center has been well documented[5] and
metrics to differentiate varying degrees of PDI reduction
have been established.[6] This redox non-innocence has
proven invaluable[7,8] for the advancement of base–metal
hydrogenation,[9] hydrosilylation,[2a,10] and cyclization[11]
catalysts whose activities rival traditionally employed precious metal complexes.[12] Although impressive, these
achievements have overwhelmingly relied on the use of sterically demanding aryl imine substituents (ArPDI). For example, the initial preparation of an (ArPDI)Fe hydrogenation catalyst depended on the incorporation of two 2,6-diisopropylphenyl imine substituents[9d] whereas preliminary
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sis reaction between AgBF4 and [(COD)RhCl]2. Using the latter method, both [(NPDI)Rh][BF4] complexes were isolated
and found to exhibit κ4-N,N,N,N-PDI coordination regardless
of arm length or steric bulk. In contrast, the metallation of
P
PDI chelates featuring alkylphosphane imine substituents
(PPDI = Ph2PEtPDI or Ph2PPrPDI) resulted in the formation of cationic complexes featuring κ5-N,N,N,P,P-PDI coordination in
all instances, [(PPDI)Rh][X] (X = Cl, BF4). Adjusting the metallation stoichiometry allowed the preparation of [(Ph2PPrPDI)Rh][(COD)RhCl2], as validated by multinuclear NMR
spectroscopy and single-crystal X-ray diffraction.

ents resulted in the formation of bis(ligand) complexes
rather than catalytically relevant dinitrogen complexes.[13]
Although reduction of the respective (ArPDI)FeBr2 starting
complexes using sodium naphthalenide instead of sodium
amalgam has since afforded highly active hydrogenation
catalysts with smaller aryl groups, the success of this approach has remained limited to 2,6-diethylphenyl or 2,6dimethylphenyl imine substituents.[14] Although alkyl imine
PDI substituents have allowed the preparation of asymmetric CoI hydrogenation catalysts,[9b] their use has not yet enabled the isolation of an (RPDI)Fe (R = alkyl) hydrogenation catalyst.
Our laboratory is developing redox non-innocent PDI ligands that are capable of coordinating to a metal center
beyond their historically investigated κ3-N,N,N-PDI core, as
these chelates would be less susceptible to dissociation (chelate effect)[15] and circumvent the need for steric bulk in
catalyst design. While there have been several inspiring examples,[16–18] relatively little effort has gone into the study
of coordination complexes that feature a tetradentate or
pentadentate PDI ligand. Although this methodology has
the potential to slow catalytic processes by tying up metal
coordination sites, it is hypothesized that increasing PDI
denticity will enable the preparation of complexes and precatalysts that would otherwise be non-isolable.
Due to its moderate covalent radius (1.42 Å) in relation
to other transition metals[19] and propensity to form diamagnetic complexes, rhodium was chosen as the metal for
our initial investigation into the coordination chemistry of
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high-denticity PDI chelates. Like the aforementioned base–
metal examples, recent (PDI)Rh chemistry has been dominated by the use of bulky aryl imine substituents.[9e,20–29]
Although steric protection has allowed for the isolation of
an unusual 14-electron (κ3-N,N,N-PDI)Rh cation (Figure 1,
left) following the addition of NaB(Ar⬘)4 [Ar⬘ = 3,5-bis(trifluoromethyl)phenyl] to the respective monochloride complex,[28] the reactivity observed for (ArPDI)RhCl complexes
has remained relatively undistinguished from that reported
for (RPDI)RhCl complexes bearing non-coordinating alkylsubstituted arms.[30–32] In one particularly relevant example,
a monochloride complex bearing alkylamido imine substituents, (MeCONHEtPDI)RhCl, was found to oxidatively add
alkyl halides.[33] Although evidence for amide coordination
to the Rh center was not reported for the starting complex,
hydrogen bonding between both amide hydrogen atoms and
one chloride ligand in (MeCONHEtPDI)RhCl2(CH2Cl) was
observed by single-crystal X-ray diffraction (Figure 1,
right).[33]

Figure 1. A persistent, three-coordinate cationic Rh complex supported by a sterically demanding PDI ligand (left).[28] At right, an
octahedral (PDI)Rh complex featuring hydrogen bonding interactions between an apical chloride ligand and two amide arms.[33]

Considering the complexes shown in Figure 1, it was hypothesized that PDI imine substituents could be fitted with
σ-donor atoms and tailored such that they might coordinate to rhodium beyond the ligand’s terdentate redox-active
core, potentially forcing reduction of the chelate. In this
contribution, we detail our approach to this challenge with
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the expectation that lessons learned regarding PDI imine
substituent chain length and the steric considerations of the
σ-donor atom might be applied to the coordination chemistry of these chelates throughout the transition metal series.

Results and Discussion
Hoping to establish the ideal chain length for κ4- or κ5PDI coordination to a rhodium center, this study commenced with the synthesis of RPDI ligands featuring imine
substituents that have an ethyl or propyl bridge to a remote
tertiary amine donor. Additionally, to probe the role of sterics in achieving κ5-N,N,N,N,N- rather than κ4-N,N,N,NPDI chelation, the amine substituents were varied to include either methyl or isopropyl groups. As displayed in
Equation (1), the condensation of 2,6-diacetylpyridine with
2 equiv. of either N,N-diisopropyl-1,2-ethanediamine or
N,N-dimethyl-1,3-propanediamine afforded 2,6-(((CH3)2CH)2NCH2CH2N=C(CH3))2C5H3N [iPr2NEtPDI] and 2,6((CH3)2NCH2CH2CH2N=C(CH3))2C5H3N
[Me2NPrPDI],
respectively.
Since several four-coordinate (PDI)RhCl complexes have
been prepared following PDI ligand addition to a commercially
available
[(olefin)2RhCl]2
starting
material,[20,21,23,24,26,29,31,33] this approach to metallation was
chosen as an entry point for investigating the coordination
preferences of the newly prepared chelates. Although square
planar d8 complexes of this type are energetically opposed
to maintaining coordination to a fifth ligand,[12] it was hypothesized that a sufficiently donating imine substituent
functionality may allow κ5-PDI coordination. Additionally,
since the redox-active core of PDI ligands is capable of accepting two electrons from a metal center,[6] the possibility
of accessing a formally 20-electron (κ5-PDI)RhCl complex
featuring a chelate dianion was considered. Adding either
iPr2NEt
PDI or Me2NPrPDI to 0.5 equiv. of [(COD)RhCl]2 in
toluene solution at ambient temperature afforded a dark
green solution, indicative of four-coordinate (PDI)RhCl
complex formation.[20,21,23,24,26,29,31,33] After stirring for 24
hours, evacuation of the solvent followed by washing of the
solid with pentane allowed isolation of (iPr2NEtPDI)RhCl (1Cl) and (Me2NPrPDI)RhCl (2-Cl), respectively [Equation (2)]. No evidence for ligand asymmetry resulting from

(1)
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the coordination of one chelate arm was observed by 1H
and 13C NMR spectroscopy, further supporting the square
planar formulation of these complexes. In the electronic
spectrum of 1-Cl (see Figure S1 of the Supporting Information), two pronounced charge-transfer bands were observed at 302 nm (ε = 7200 m–1 cm–1) and 452 nm (ε =
4800 m–1 cm–1) that are likely due to backbonding into the
PDI chelate.
To verify that the PDI ligand amine arms were indeed
non-coordinating, further evaluation of the monochloride
complexes by single-crystal X-ray diffraction was carried
out. Single crystals of 1-Cl suitable for X-ray diffraction
were grown from a concentrated solution of the complex in
toluene/pentane at –35 °C. As expected, solving the solidstate structure of 1-Cl (Figure 2) confirmed that the diisopropylaminoethyl arms of the PDI chelate were not coordinated to the rhodium center. The metrical parameters determined for 1-Cl (Table 1) indicate that the geometry about
the metal is distorted from idealized square planar with an
N(1)–Rh(1)–N(3) angle of 159.19(11)°. As reported for
other structurally characterized pseudo square planar
(PDI)RhCl complexes,[20,21,26,31] evidence for imine bond
elongation is observed with N(1)–C(2) and N(3)–C(8) distances of 1.316(4) Å and 1.303(4) Å, respectively. Shortening of the Cimine–Cpyridine bonds relative to the distances
expected for a neutral chelate[6] is also apparent with C(2)–
C(3) and C(7)–C(8) distances of 1.452(5) Å and 1.467(4) Å,
respectively. It is important to note that the Rh(1)–N(1),
Rh(1)–N(2), and Rh(1)–N(3) distances of 2.030(3) Å,

Figure 2. The solid-state structure of 1-Cl with 30 % probability
ellipsoids. Hydrogen atoms omitted for clarity.
Eur. J. Inorg. Chem. 2013, 4430–4442

1.884(3) Å, and 2.030(3) Å, respectively, are shorter than
expected for a RhI complex [in associated RhI (imino)pyridine complexes, Rh–Nimine = 2.248(4)–2.283(3) Å; Rh–
Npyridine = 2.255(5)–2.267(3) Å][32] and are remarkably undistinguished from the same distances reported for related
trivalent (PDI)Rh(Cl)2(CH2Cl) complexes.[31]
Table 1. Selected bond lengths [Å] and angles [°] for 1-Cl and 2-Cl.
1-Cl

2-Cl

Rh(1)–N(1)
Rh(1)–N(2)
Rh(1)–N(3)
Rh(1)–Cl(1)
N(1)–C(2)
N(3)–C(8)
C(2)–C(3)
C(7)–C(8)

2.030(3)
1.884(3)
2.030(3)
2.3476(9)
1.316(4)
1.303(4)
1.452(5)
1.467(4)

2.030(3)
1.889(3)
2.032(3)
2.3621(9)
1.316(5)
1.303(5)
1.462(5)
1.475(5)

N(1)–Rh(1)–N(2)
N(1)–Rh(1)–N(3)
N(2)–Rh(1)–N(3)
N(2)–Rh(1)–Cl(1)

79.76(11)
159.19(11)
79.44(11)
178.68(8)

79.27(13)
159.13(12)
79.86(13)
176.92(9)

The solid-state structure of 2-Cl (Figure 3) was also determined by single-crystal X-ray diffraction. Similar to the
molecular structure of 1-Cl, a pseudo square-planar geometry about the metal center was observed with the chelate
dimethylaminopropyl imine substituents clearly lying outside the bonding range of rhodium. Importantly, this suggested that neither the isopropyl substituents nor the ethylene bridge in 1-Cl were responsible for the lack of pendant
tertiary amine coordination. As shown in Table 1, the met-

Figure 3. The solid-state structure of 2-Cl with 30 % probability
ellipsoids. One of two complexes in the asymmetric unit shown with
hydrogen atoms omitted for clarity.
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rical parameters found for 2-Cl, including the Rh–N,
Nimine–Cimine, and Cimine–Cpyridine distances, are analogous
to those determined for 2-Cl.
Although the PDI chelate Nimine–Cimine and Cimine–
Cpyridine distances determined for both 1-Cl and 2-Cl suggest an electronic structure consistent with a PDI radical
monoanion[6] that is antiferromagnetically coupled to a
RhII metal center, this seemingly bizarre possibility was first
discarded for related (ArPDI)RhX (X = H, Me, Cl) complexes on the basis that they possess relatively normal 1H
NMR spectra (minimal shift vs. free ligand reference values) relative to their cobalt congeners.[25] In a more recent
report by Burger and co-workers,[20] a comprehensive investigation into the electronic structure of complexes of the
general type (PDI)MX (M = Rh, Ir; X = NCO, N3, Cl,
Me, OMe, OH, NH2) revealed significant metal-to-ligand
backbonding into the symmetric rather than the asymmetric PDI π* orbital,[6] as judged by DFT. For (PDI)IrCl,
Mulliken population analysis revealed that the electron density of the HOMO is nearly evenly distributed between the
PDI ligand (45 %) and the metal center (37 %, dxz), with
the balance of charge localized on the chloride ligand.[20]
Extrapolating this knowledge to the solid-state structures
of 1-Cl and 2-Cl, we believe the electronic structure of these
complexes is consistent with having significant π-backbonding from a RhI center into a neutral PDI ligand rather than
a RhIII center supported by a PDI dianion. This assessment
is supported by the fact that second row transition metals
have lower pairing energies and d-orbitals that more efficiently overlap with ligand-based π-orbitals than their first
row congeners (due to radial expansion),[34] decreasing the
likelihood of populating a destabilized orbital comprising
the antibonding combination of π*-PDI and Rh 4d orbitals.
Since repulsion of the amine donors by the filled dz2 orbital of rhodium could prevent coordination of a fifth or
sixth ligand, the preparation of formal RhI complexes featuring an outer-sphere anion was targeted. It was also anticipated that this approach would enable amine-functionalized
PDI
ligand
arm
coordination
because
[(iPr2ArPDI)Rh][B(Ar⬘)4] (Figure 1, left) is known to bind σdonors including acetophenone and p-tolualdehyde.[28]
Four-coordinate complexes of the type [(ArPDI)Rh(THF)][X] (where the outer-sphere anion X = OTf or Al(OC4F9)4) have also been well-investigated.[20] Adding a
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slight excess of AgBF4 to a solution of 1-Cl in [D6]acetone allowed the observation of a low-symmetry complex featuring broadened 1H NMR resonances at ambient
temperature [Equation (3), left arrow]. Cooling this solution
to –20 °C (see Figure S2 of the Supporting Information)
allowed observation of the slow exchange limit and verification of PDI ligand arm inequivalence by 1H and 13C NMR
spectroscopy. These observations suggested that the resulting product, [(iPr2NEtPDI)Rh][BF4] ([1][BF4]), contains a
tetradentate PDI chelate whereby diisopropylaminoethyl ligand arm exchange occurs in solution at ambient temperature. The preparation of [1][BF4] was also achieved upon
adding AgBF4 directly to 0.5 equiv. of [(COD)RhCl]2,[35]
followed by the addition of iPr2NEtPDI in THF solution
[Equation (3), right arrow].
To determine if the sterically demanding isopropyl substituents in [1][BF4] play a role in discouraging pentadentate
N
PDI coordination, studies involving the related dimethylamino-substituted PDI ligand became warranted. Expectedly, the addition of Me2NPrPDI following the reaction between AgBF4 and 0.5 equiv. of [(COD)RhCl]2 resulted in
the preparation of [(Me2NPrPDI)Rh][BF4] ([2][BF4]) [Equation (4)]. Surprisingly, the ambient temperature 1H NMR
spectrum of [2][BF4] suggested that this complex was C2vsymmetric, as only three methylene arm resonances were
detected. Upon closer inspection, it was realized that if persistent κ5-N,N,N,N,N-PDI coordination had been achieved,
twice as many chelate arm resonances would be observed.
Cooling a [D6]acetone solution of [2][BF4] to –62 °C resulted in broadening of the imine substituent resonances
(Figure S3 of the Supporting Information), and although
the slow exchange limit was not reached, it is clear that this
complex undergoes chelate arm exchange at a faster rate
than [1][BF4] in solution at ambient temperature. Although
these spectroscopic observations do not differentiate the
roles of imine substituent arm length and steric bulk in substitution, it appears that functionalized PDI arms featuring
either an ethyl- or propyl-bridge are capable of coordinating
to a central rhodium atom.
To substantiate these claims, [2][BF4] was recrystallized
from an acetone/pentane mixture at –35 °C and single crystals suitable for X-ray diffraction were obtained. As anticipated, the molecular structure determination of [2][BF4] uncovered a κ4-PDI chelate, with an overall coordination geometry that is best described as pseudo square planar (Fig-

(3)
Eur. J. Inorg. Chem. 2013, 4430–4442

4433

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org

FULL PAPER

(4)

ure 4). The metrical parameters found for this complex
(Table 2) expose a deviation from linearity between the central rhodium atom and chelate imine nitrogen atoms with
an N(1)–Rh(1)–N(3) angle of 157.74(9)°. Although less
pronounced, a deviation from linearity along the pyridine–
Rh-amine axis can also be seen with an N(2)–Rh(1)–N(4)
angle of 173.11(9)°. Notably, the tertiary amine nitrogen
atom is located further from the Rh center than the PDI
chelate donors due to its lack of π-acidity. As with 1-Cl and
2-Cl, slightly elongated Nimine–Cimine distances of
1.309(3) Å and 1.305(3) Å with shortened Cimine–Cpyridine
distances of 1.460(4) Å and 1.475(4) Å are observed in the
solid-state structure of [2][BF4].

Figure 4. The solid-state structure of [2][BF4] with 30 % probability
ellipsoids. Hydrogen atoms omitted for clarity.
Table 2. Selected bond lengths [Å] and angles [°] for [2][BF4].
Rh(1)–N(1)
Rh(1)–N(2)
Rh(1)–N(3)
Rh(1)–N(4)
N(1)–C(2)
N(3)–C(8)
C(2)–C(3)
C(7)–C(8)

2.016(2)
1.902(2)
2.084(2)
2.143(2)
1.309(3)
1.305(3)
1.460(4)
1.475(4)

N(1)–Rh(1)–N(2)
N(1)–Rh(1)–N(3)
N(1)–Rh(1)–N(4)
N(2)–Rh(1)–N(3)
N(2)–Rh(1)–N(4)

79.52(9)
157.74(9)
96.96(9)
78.49(9)
173.11(9)

At this stage, it was theorized that replacing the pendant
amine donors with stronger σ-donating functionalities
might allow for pentadentate PDI ligand coordination to a
Eur. J. Inorg. Chem. 2013, 4430–4442

central rhodium chloride moiety, affording pseudo octahedral (κ5-PDI)RhCl complexes. Isolating formal 20-electron
complexes of this type was of particular interest from the
outset of the study, as they would likely feature a RhIII center supported by a true PDI dianion. Keeping in mind that
ethyl- ([1][BF4]) and propyl-bridged ([2][BF4]) amine arms
are capable of coordinating to rhodium, bis(imino)pyridine
ligands featuring alkylphosphane imine substituents were
designed. In contrast to the alkylamine-substituted PDI ligands, the condensation of 2,6-diacetylpyridine with
2 equiv. of either 2-(diphenylphosphanyl)-1-ethylamine or
3-(diphenylphosphanyl)-1-propylamine
to
synthesize
((C6H5)2PCH2CH2N=C(CH3))2C5H3N [Ph2PEtPDI] and 2,6((C6H5)2PCH2CH2CH2N=C(CH3))2C5H3N
[Ph2PPrPDI],
respectively, was conducted in a thick-walled glass bomb in
the presence of 4 Å molecular sieves [Equation (5)]. Following filtration and solvent removal, recrystallization of either
ligand from a concentrated ether solution at –35 °C afforded analytically pure yellow crystals as judged by elemental analysis and multinuclear NMR spectroscopy. Although Ph2PPrPDI coordination to copper has been explored,[36] the successful isolation of Ph2PEtPDI and
Ph2PPr
PDI had not been previously achieved.
With the desired phosphanylalkyl-substituted PDI chelates in hand, their metallation with rhodium was investigated. Notably, the addition of Ph2PEtPDI to 0.5 equiv. of
[(COD)RhCl]2 in toluene [Equation (6)] resulted in an immediate color change from the initial orange solution to
dark purple. As the reaction progressed at ambient temperature, purple precipitate began to form which was collected after stirring for two days. After washing the solid
with several pentane fractions to remove any residual COD
ligand, analysis of the precipitate by 1H NMR spectroscopy
revealed four chelate arm resonances, suggesting that at
least one phosphanylethyl arm was coordinated to the rhodium center. Surprisingly, the 1H NMR spectrum of this
complex uncovered 31P-coupling to the PDI backbone
methyl (t, 6 H) and p-pyridine (m, 1 H) resonances in addition to the ethyl-bridged chelate arms, a feature not observed for the free chelates. Close investigation of this complex by 13C NMR spectroscopy revealed only two methylene resonances, confirming that both PDI arms were bound
to rhodium. As anticipated, the 31P NMR spectrum of this
complex in [D6]DMSO features only a doublet at δ =
43.64 ppm with JRhP coupling of 135.4 Hz, consistent with
κ5-N,N,N,P,P-PDI coordination. Although the composition
of this complex was well understood, its relative lack of
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(5)

(6)

solubility in a range of solvents initially suggested that the
chloride ligand was no longer an inner-sphere ligand, leading to the assignment of this complex as [(Ph2PEtPDI)Rh][Cl]
([3][Cl]).
Similar to the metallation of Ph2PEtPDI, the addition of
Ph2PPr
PDI to 0.5 equiv. of [(COD)RhCl]2 afforded a purple
solid identified as [(Ph2PPrPDI)Rh][Cl] ([4][Cl]) (Figure 5,
top), on the basis of multinuclear NMR spectroscopy. The
UV/Vis spectrum of [4][Cl] in DMSO solution was notably
different than the one collected for 1-Cl, with charge-transfer bands observed at 317 nm (ε = 12400 m–1 cm–1), 362 nm
(ε = 8000 m–1 cm–1), 530 nm (ε = 8800 m–1 cm–1), and
671 nm (ε = 2900 m–1 cm–1) (Figure S1 of the Supporting
Information), providing additional evidence of phosphane
ligand arm coordination. Because neither [3][Cl] nor [4][Cl]
were readily soluble in common crystallization solvents
such as toluene, tetrahydrofuran, or acetone, related compounds featuring better solubility were desired so that the
presence of an outer-sphere anion could be confirmed by
single-crystal X-ray diffraction. Since it was observed that
[4][Cl] appeared soluble in toluene at early reaction times
and later precipitated from solution, the metallation reaction was adjusted such that a stoichiometric amount of
Ph2PPr
PDI was added to [(COD)RhCl]2 (i.e., one molecule
of ligand per two rhodium equivalents). This reaction (Figure 5, bottom) also resulted in the formation of a purple
precipitate, and complete consumption of the [(COD)RhCl]2 starting material was achieved. Realizing that the
stoichiometric addition of a chelating ligand to [(COD)RhCl]2 is well-known to result in the formation of ionic
Eur. J. Inorg. Chem. 2013, 4430–4442

complexes featuring a [(COD)RhCl2] anion,[37] the resulting
purple precipitate was presumed to be [(Ph2PPrPDI)Rh][(COD)RhCl2] ([4][(COD)RhCl2]). This formulation was further supported by elemental analysis and multinuclear NMR spectroscopy.
Fortunately, [4][(COD)RhCl2] exhibited slightly better
solubility than [4][Cl] and single crystals suitable for X-ray
diffraction were obtained from the slow evaporation of a
THF solution at ambient temperature. Solving the molecular structure of [4][(COD)RhCl2] (Figure 6) confirmed that
this complex features κ5-N,N,N,P,P-PDI ligand coordination in addition to an outer-sphere (COD)RhCl2 anion. The
overall coordination geometry about the PDI-supported
rhodium center is best described as pseudo trigonal bipyramidal, and the relevant metrical parameters for [4][(COD)RhCl2] are displayed in Table 3. Although the anticipated deviation from linearity between the rhodium center
and imine nitrogen donors is observed with an N(1)–Rh(1)–
N(3) angle of 157.10(12)°, there are also deviations from
trigonal bipyramidal geometry in the equatorial plane with
P(1)–Rh(1)–P(2) and N(2)–Rh(1)–P(2) angles of 99.06(3)°
and 141.15(8)°, respectively. Relative to the solid-state
structures of 1-Cl, 2-Cl, and [2][BF4], evidence for increased
backbonding into the redox-active core of the PDI is observed with C(2)–C(3) and C(7)–C(8) bond lengths of
1.427(5) Å and 1.435(5) Å, respectively, consistent with an
increase in electron density upon coordination of two
strongly donating phosphane arms. This feature is less pronounced when considering the N(1)–C(2) and N(3)–C(8)
distances of 1.335(5) Å and 1.322(5) Å. However, this ob-
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Figure 5. The preparation of cationic rhodium complexes featuring a five-coordinate

servation is not overly surprising since the symmetric π*
orbital on PDI is heavily localized at the
Cimine–Cpyridine bonds.[6] Even though these metrical parameters are more consistent with a PDI dianion than those
determined for the other structures discussed in this manuscript, it remains unlikely that [4][(COD)RhCl2] possesses a
true RhIII center.[20,34] The metrical parameters of the
(COD)RhCl2 anion (Table 3) are unremarkable in the sense
that the overall geometry about rhodium is nearly square
planar and backbonding into the COD ligand is responsible
for lengthening of the C(40)–C(41) and C(44)–C(45) bonds
to 1.417(6) Å and 1.402(6) Å, respectively.
Finally, κ5-N,N,N,P,P-PDI complexes featuring a tetrafluoroborate counterion were prepared in a fashion similar
to that used for [1][BF4] and [2][BF4]. After filtering the
reaction between AgBF4 and 0.5 equiv. of [(COD)RhCl]2, the addition of either Ph2PEtPDI or Ph2PPrPDI
[Equation (7)] allowed the preparation of purple
[(Ph2PEtPDI)Rh][BF4] ([3][BF4]) or [(Ph2PPrPDI)Rh][BF4]
([4][BF4]), respectively. Although they feature bands with

Ph2PPr

PDI chelate.

slightly different λmax values and extinction coefficients, the
UV/Vis spectra of [4][Cl] and [4][BF4] were found to be relatively indistinguishable (Table S1 of the Supporting Information). The 1H, 13C, and 31P NMR spectra of [3][BF4]
and [4][BF4] were directly comparable to those obtained for
[3][Cl] and [4][Cl], respectively, and the 1H{31P} NMR spectra of both tetrafluoroborate complexes revealed resolved
PDI p-pyridine (t, 1 H) and backbone methyl (s, 6 H) resonances, confirming the observation of phosphorus-derived
J coupling (for representative spectra, see Figure S4 of the
Supporting Information). Importantly, the synthesis of
these complexes directly from [(COD)RhCl]2 further emphasizes the propensity of both Ph2PEtPDI and Ph2PPrPDI to
form pentadentate coordination complexes.
Since ethyl- and propyl-bridged PDI donor arms were
found to coordinate to rhodium, and to allow for the isolation of complexes featuring either κ4-N,N,N,N- or κ5N,N,N,P,P-PDI chelation, it is worth discussing the impact
this investigation may have when considering ligands of this
nature for homogeneous catalytic applications. Since evi-

(7)
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Table 3. Selected bond lengths [Å] and angles [°] for [4][(COD)
RhCl2].
Rh(1)–N(1)
Rh(1)–N(2)
Rh(1)–N(3)
Rh(1)–P(1)
Rh(1)–P(2)
N(1)–C(2)
N(3)–C(8)
C(2)–C(3)
C(7)–C(8)

2.029(3)
1.926(3)
2.046(3)
2.2926(9)
2.3101(10)
1.335(5)
1.322(5)
1.427(5)
1.435(5)

N(1)–Rh(1)–N(2)
N(1)–Rh(1)–N(3)
N(1)–Rh(1)–P(1)
N(1)–Rh(1)–P(2)
N(2)–Rh(1)–P(1)
N(2)–Rh(1)–P(2)
P(1)–Rh(1)–P(2)

78.95(12)
157.10(12)
88.01(8)
103.62(9)
119.79(8)
141.15(8)
99.06(3)

Rh(2)–Cl(1)
Rh(2)–Cl(2)
Rh(2)–C(40)
Rh(2)–C(41)
Rh(2)–C(44)
Rh(2)–C(45)
C(40)–C(41)
C(44)–C(45)

2.3847(9)
2.3773(10)
2.104(4)
2.100(4)
2.099(4)
2.102(4)
1.417(6)
1.402(6)

Cl(1)–Rh(2)–Cl(2)
C(40)–Rh(2)–C(45)
C(41)–Rh(2)–C(44)

90.56(3)
82.43(16)
81.91(16)

contain stronger or weaker donor atoms, longer or shorter
bridges to those atoms, in addition to more or less bulky
donor substituents with a range of electronic properties.

Conclusions

Figure 6. The solid-state structure of [4][(COD)RhCl2] with 30 %
probability ellipsoids. At top, the [(κ5-N,N,N,P,P-Ph2PPrPDI)Rh]
cation shown without hydrogen atoms, co-crystallized tetrahydrofuran molecule, and (COD)RhCl2 anion for clarity. At bottom, the spatial relationship of all three structure components
shown with close contacts between PDI chelate hydrogen atoms,
the cation, and co-crystallized THF molecule. The latter illustration was prepared using symmetry operators (1 – x, 1 – y, 1 – z)
for the cation and THF molecule, and (2 – x, 1 – y, 1 – z) for
(COD)RhCl2.

dence for chelate arm exchange was observed for each
amine-bound κ4-N,N,N,N-PDI complex, it is implied that
weakly coordinating donor substituents of this type might
readily dissociate to allow for a catalytic transformation
while offering the potential to stabilize coordinatively unsaturated, high energy intermediates. On the other hand,
although phosphane-substituted PDI ligands such as
Ph2PEt
PDI and Ph2PPrPDI might be capable of stabilizing reactive precatalysts or intermediates, it is possible that the
inclusion of strong field phosphane donors may completely
prevent a targeted transformation from taking place. Fortunately, if pendant chelate arms are desired to improve the
characteristics of a given PDI-supported catalyst, the imine
substituents described in this manuscript can be modified to
Eur. J. Inorg. Chem. 2013, 4430–4442

The first rhodium complexes featuring either a tetradentate or pentadentate redox-active bis(imino)pyridine ligand
have been prepared and characterized using single-crystal
X-ray diffraction and a range of supporting techniques. Although not observed for neutral monochloride complexes,
the coordination of tertiary amine functionalities allowed
κ4-N,N,N,N-PDI chelation when rhodium complexes featuring an outer-sphere tetrafluoroborate anion were prepared. In contrast, the metallation of PPDI ligands onto
[(COD)RhCl]2 forced the chloride ligand to leave the rhodium coordination sphere, forming complexes featuring a
pentadentate PDI ligand and either a [Cl]– or [(COD)RhCl2]– counterion. Knowing that the range of second generation PDI ligands described in this study are capable of
κ4- and κ5-coordination to a metal center, it is believed that
this approach to expanding redox-active ligand complexity
may prove worthwhile for the optimization of current transition metal catalysts and inspire the development of new
ones.

Experimental Section
General: All synthetic reactions were performed in an MBraun
glove box under an atmosphere of purified nitrogen. Aldrich or
Acros anhydrous solvents were purged with nitrogen and stored in
the glovebox over activated 4 Å molecular sieves and sodium before
use. [D6]Benzene, [D6]acetone, and [D6]dimethyl sulfoxide were
purchased from Cambridge Isotope Laboratories and dried with
4 Å molecular sieves prior to use. [(COD)RhCl]2 was purchased
from Acros and used as received, while AgBF4, 2-(diphenylphosphanyl)-1-ethylamine and 3-(diphenylphosphanyl)-1-propylamine
were used as received from Strem. 2,6-Diacetylpyridine, p-toluenesulfonic acid, N,N-diisopropyl-1,2-ethanediamine, and N,N-di-
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methyl-1,3-propanediamine were purchased from TCI America and
used as received. All of the gases used in this study were obtained
from Praxair.
Solution 1H nuclear magnetic resonance (NMR) spectra were recorded at room temperature with either a Varian 400-MR or
Bruker Advance III 400 MHz NMR spectrometer. All 1H and 13C
NMR chemical shifts (ppm) are reported relative to SiMe4 using
1
H (residual) and 13C chemical shifts of the solvent as secondary
standards. 31P NMR spectroscopic data (ppm) is reported relative
to H3PO4. Elemental analyses were performed at either Robertson
Microlit Laboratories Inc. (Ledgewood, NJ) or with a Perkin–Elmer 2400 Series elemental analyzer at the Goldwater Environmental Laboratory (Arizona State University). All UV/Vis spectra were
collected with a Perkin–Elmer Lambda 18 Spectrometer using a
two-beam liquid cell. The spectrometer utilized both deuterium and
halogen lamps with a change-over occurring at 300 nm.
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in a drybox and transferred to a glass fiber or mitogen mount with either Apiezon N grease or paraffin oil. They
were then mounted on the goniometer head of a Bruker APEX
(Arizona State University) or APEX II diffractometer (University
of Arizona) equipped with Mo-Kα radiation. Either a full sphere
(1-Cl, 2-Cl, and [2][BF4]) or hemisphere ([4][(COD)RhCl2]) routine
was used for data collection and determination of the lattice constants. The space group was identified and the data were processed
using the Bruker SAINT+ program and corrected for absorption
using SADABS. The structures were solved by direct methods
(SHELXS), completed by subsequent Fourier synthesis, and refined by full-matrix, least-squares procedures on |F|2 (SHELXL).
The solid-state structure of 2-Cl was found to contain two complexes in the asymmetric unit that have stacked PDI chelates approximately 3.6 Å apart; however, they are significantly offset and
rotated from one another. The molecular structure of [4][(COD)RhCl2] was found to have disorder at two COD methylene positions that could not be further refined. The crystallographic parameters for 1-Cl, 2-Cl, [2][BF4], and [4][(COD)RhCl2] are provided in
Table S2 of the Supporting Information.
2,6-(((CH3)2CH)2NCH2CH2N=C(CH3))2C5H3N (iPr2NEtPDI): A
250 mL round-bottomed flask was charged with 2,6-diacetylpyridine (1.001 g, 6.134 mmol), N,N-diisopropyl-1,2-ethanediamine
(1.764 g, 12.23 mmol), p-toluenesulfonic acid (0.010 g, 0.058 mmol)
and toluene (approx. 100 mL). The initial pale yellow solution was
fitted with a Dean–Stark trap and reflux condenser and was set to
reflux for 18 h. Over this time, the solution became deep yellow in
color and a small amount of water was observed in the trap. Upon
cooling to ambient temperature, pentane (approx. 50 mL) was then
added and the resulting solution was placed at 12 °C for 24 h. The
solution was filtered through Celite to remove the residual p-toluenesulfonic acid and the solvent was removed in vacuo to yield
1.884 g (74 %) of a yellowish-orange oil identified as iPr2NEtPDI.
C25H45N5 (415.66): calcd. C 72.24, H 10.91, N 16.85; found C
72.24, H 10.98, N 16.58. 1H NMR ([D6]benzene): δ = 8.41 (d, J =
7.8 Hz, 2 H, m-pyr), 7.30 (t, J = 7.8 Hz, 1 H, p-pyr), 3.63 (t, J =
7.1 Hz, 4 H, NCH2), 2.99 (m, 8 H, NCH2 and NCH(CH3)2), 2.37
(s, 6 H, N=CCH3), 1.03 (d, J = 6.7 Hz, 24 H, NCH(CH3)2) ppm.
13
C{1H} NMR ([D6]benzene): δ = 165.42 (N=C), 156.25 (o-pyr),
135.88 (p-pyr), 120.85 (m-pyr), 55.18 (NCH2), 48.84 (NCH2), 46.15
(NCH(CH3)2), 20.82 (NCH(CH3)2), 13.16 (N=CCH3) ppm.
2,6-((CH3)2NCH2CH2CH2N=C(CH3))2C5H3N (Me2NPrPDI): A
250-mL round-bottomed flask was charged with 2,6-diacetylpyridine (0.500 g, 3.07 mmol), N,N-dimethyl-1,3-propanediamine
(0.642 g, 6.28 mmol), p-toluenesulfonic acid (0.006 g, 0.034 mmol),
Eur. J. Inorg. Chem. 2013, 4430–4442
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and toluene (approx. 100 mL). The solution was initially pale yellow in color and the reaction was set to reflux for 34 h with a
Dean–Stark trap. Over this time, the color deepened to a yellowishorange. The reaction was cooled to room temperature, at which
time pentane (50 mL) was added and the flask was placed at 12 °C
for 25 h. The solution was then filtered through Celite and the solvent was removed in vacuo to yield 0.452 g (44 %) of a brown oil
identified as Me2NPrPDI. C19H33N5 (331.50): calcd. C 68.84, H
10.03, N 21.13; found C 68.89, H 9.85, N 21.10. 1H NMR ([D6]benzene): δ = 8.37 (d, J = 7.8 Hz, 2 H, m-pyr), 7.27 (t, J = 7.8 Hz,
1 H, p-pyr), 3.50 (t, J = 7 Hz, 4 H, NCH2), 2.41 (t, J = 7 Hz, 4 H,
NCH2), 2.32 (s, 6 H, N=CCH3), 2.16 (s, 12 H, N(CH3)2), 2.00
(pseudo quint, J = 7 Hz, 6 H, CH2CH2) ppm. 13C{1H} NMR ([D6]benzene): δ = 165.92 (N=C), 156.59 (o-pyr), 136.32 (p-pyr), 121.32
(m-pyr), 58.06 (NCH2), 50.55 (NCH2), 45.74 (CH2CH2), 29.69
(N(CH3)2), 13.41 (N=CCH3) ppm.
(iPr2NEtPDI)RhCl (1-Cl): Under N2 atmosphere, a 20 mL scintillation vial was charged with [(COD)RhCl]2 (0.050 g, 0.101 mmol),
iPr NEt
2
PDI (0.101 g, 0.243 mmol), and toluene (approx. 10 mL).
The solution immediately adopted a green color and became darkgreen after approximately 15 min. The solution was set to stir for
36 h at which time the toluene was removed under vacuum. The
resulting product was washed with pentane (approx. 10 mL) several
times to remove any excess free ligand and dried in vacuo to yield
0.197 g (98 %) of a dark-green microcrystalline solid identified as
1-Cl. Further purification of the complex was achieved following
recrystallization from a toluene/pentane solution. C25H45ClN5Rh
(554.02): calcd. C 54.20, H 8.19, N 12.64; found C 54.42, H 8.33,
N 12.25. 1H NMR ([D6]benzene): δ = 7.75 (t, J = 8 Hz, 1 H, ppyr), 6.69 (d, J = 8 Hz, 2 H, m-pyr), 4.38 (t, J = 6 Hz, 4 H, NCH2),
3.38 (t, J = 6 Hz, 4 H, NCH2), 2.96 (sept, J = 6.7 Hz, 4 H,
NCH(CH3)2), 1.45 (s, 6 H, N=CCH3), 0.94 (d, J = 6.7 Hz, 24 H,
NCH(CH3)2) ppm. 13C{1H} NMR ([D6]benzene): δ = 165.15
(N=C), 157.02 (o-pyr), 123.38 (m-pyr), 122.38 (p-pyr), 57.93
(NCH2), 49.28 (NCH(CH3)2), 46.68 (NCH2), 21.60 (NCH(CH3)2), 15.68 (N=CCH3) ppm. UV/Vis (toluene): λmax (nm) = 302
(ε = 7200 m–1 cm–1), 452 (ε = 4800 m–1 cm–1), 581 (ε =
1400 m–1 cm–1), 647 (ε = 1000 m–1 cm–1), 764 (ε = 580 m–1 cm–1).
(Me2NPrPDI)RhCl (2-Cl): Under N2 atmosphere, a 20 mL scintillation vial was charged with [(COD)RhCl]2 (0.052 g, 0.105 mmol),
Me NPr
2
PDI (0.075 g, 0.225 mmol), and toluene (approx. 10 mL).
The solution began turning green instantly, and was dark-green in
color after approximately 30 min. After stirring for 72 h, the solvent was removed in vacuo and the resulting solid was washed with
a small amount of pentane to remove free ligand. After drying,
0.082 g (84 %) of a dark-green microcrystalline solid identified as
2-Cl was obtained. Elemental analysis of 2-Cl was unsatisfactory
and the 13C spectrum of this complex is provided as Figure S5 of
the Supporting Information as a measure of purity. 1H NMR ([D6]benzene): δ = 7.80 (t, J = 7.8 Hz, 1 H, p-pyr), 6.63 (d, J = 7.8 Hz,
2 H, m-pyr), 4.46 (t, J = 7 Hz, 4 H, NCH2), 2.42 (pseudo quint, J
= 6.5 Hz, 4 H, CH2CH2), 2.31 (t, J = 6.5 Hz, 4 H, NCH2), 2.08 (s,
12 H, NCH3), 1.30 (s, 6 H, N=CCH3) ppm. 13C{1H} NMR ([D6]benzene): δ = 164.82 (N=C), 156.83 (o-pyr), 122.45 (m-pyr), 121.26
(p-pyr), 56.66 (NCH2), 53.89 (NCH2), 45.10 (NCH3), 28.34
(NCH2CH2), 13.89 (N=CCH3) ppm.
[(iPr2NEtPDI)Rh][BF4] ([1][BF4]): Under N2 atmosphere, a 20 mL
scintillation vial was charged with [(COD)RhCl]2 (0.050 g,
0.102 mmol) and AgBF4 (0.045 g, 0.230 mmol) suspended in THF
(5 mL). The suspension was stirred in the dark for 1 h, resulting in
the precipitation of a light beige solid (AgCl), which was removed
by filtration leaving a pale yellow solution. A THF solution (3 mL)
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of iPr2NEtPDI (0.099 g, 0.238 mmol) was then added without delay.
The solution instantly darkened in color. The reaction was allowed
to stir for 48 h, at which point the solvent was removed in vacuo.
The product was washed with pentane (5 mL) yielding 0.111 g
(90 %) of a dark brown microcrystalline solid identified as [1][BF4]
upon drying. Alternatively, this complex was prepared following
the stoichiometric addition of AgBF4 to 1-Cl. C25H45BF4N5Rh
(605.37): calcd. C 49.60, H 7.49, N 11.57; found C 49.82, H 7.18,
N 10.88. 1H NMR ([D6]acetone, 25 °C): δ = 8.32 (t, J = 8 Hz, 1
H, p-pyr), 7.99 (broad m, 1 H, m-pyr), 7.57 (broad m, 1 H, m-pyr),
4.38 (broad m, 2 H, NCH2), 4.10 (broad m, 2 H, NCH2), 3.69
(broad m, 2 H, NCH2), 3.58 (broad m, 2 H, NCH(CH3)2), 3.15
(broad m, 2 H, NCH(CH3)2), 3.01 (broad m, 2 H, NCH2), 2.63
(broad s, 3 H, N=CCH3), 1.77 (broad s, 3 H, N=CCH3), 1.40
(broad m, J = 6.7 Hz, 12 H, NCH(CH3)2), 1.02 (broad m, J =
6.7 Hz, 12 H, NCH(CH3)2) ppm. 1H NMR ([D6]acetone, –20 °C):
δ = 8.35 (t, J = 7.9 Hz, 1 H, p-pyr), 8.04 (d, J = 7.9 Hz, 1 H, mpyr), 7.61 (d, J = 7.9 Hz, 1 H, m-pyr), 4.40 (broad t, J = 5.9 Hz, 2
H, NCH2), 4.09 (broad t, J = 5.9 Hz, 2 H, NCH2), 3.71 (t, 6.6 Hz,
2 H, NCH2), 3.57 (sept, J = 6.5 Hz, 2 H, NCH(CH3)2), 3.15 (sept,
J = 6.5 Hz, 2 H, NCH(CH3)2), 2.98 (t, J = 5.8 Hz, 2 H, NCH2),
2.66 (s, 3 H, N=CCH3), 1.79 (s, 3 H, N=CCH3), 1.42 (d, J =
6.5 Hz, 6 H, NCH(CH3)2), 1.39 (d, J = 6.5 Hz, 6 H, NCH(CH3)2),
1.00 (d, J = 6.5 Hz, 12 H, NCH(CH3)2) ppm. 13C{1H} NMR ([D6]acetone, –20 °C): δ = 173.52 (N=C), 161.82 (N=C), 157.53 (o-pyr),
156.68 (o-pyr), 130.46 (p-pyr), 124.56 (m-pyr), 122.47 (m-pyr), 57.33
(NCH2), 55.97 (NCH2), 52.99 (NCH2), 47.72 (NCH2), 44.72
(NCH2), 23.62 (NCH(CH3)2), 20.31 (NCH(CH3)2), 18.80
(NCH(CH3)2), 15.95 (N=CCH3), 14.87 (N=CCH3) ppm.
[(Me2NPrPDI)Rh][BF4] ([2][BF4]): Under N2 atmosphere, a 20 mL
scintillation vial was charged with [(COD)RhCl]2 (0.100 g,
0.203 mmol), AgBF4 (0.087 g, 0.446 mmol) and THF (5 mL). The
suspension was stirred in the dark for 1 h, resulting in the precipitation of a light beige solid (AgCl) which was removed by filtration.
To the resulting pale yellow solution, a THF solution (3 mL) containing Me2NPrPDI (0.135 g, 0.407 mmol) was added. The solution
instantly darkened in color. The reaction was stirred for 24 h, at
which point the solvent was removed in vacuo. The product was
washed with pentane (5 mL), then dried to yield 0.174 g (82 %) of a
dark brown microcrystalline solid identified as [2][BF4]. Elemental
analysis of [2][BF4] was unsatisfactory and the 13C spectrum of this
complex is provided as Figure S6 of the Supporting Information
as a measure of purity. 1H NMR ([D6]acetone, 25 °C): δ = 8.35 (t,
J = 8 Hz, 1 H, p-pyr), 7.86 (d, J = 8 Hz, 2 H, m-pyr), 4.05 (t, J =
7 Hz, 4 H, NCH2), 2.78 (t, J = 5.7 Hz, 4 H, NCH2), 2.60 (s, 12 H,
N(CH3)2), 2.34 (s, 6 H, N=CCH3), 2.21 (pseudo quint, J = 6.3 Hz,
4 H, CH2CH2) ppm. 13C{1H} NMR ([D6]acetone): δ 169.63
(N=C), 130.29 (m-pyr), 123.56 (p-pyr), 60.78 (NCH2), 54.19
(NCH2), 47.42 (NCH3), 23.13 (NCH2CH2), 15.02 (N=CCH3) ppm,
one resonance not located.
2,6-((C6H5)2PCH2CH2N=C(CH3))2C5H3N (Ph2PEtPDI): A 250-mL
thick-walled glass bomb was charged with 2,6-diacetylpyridine
(0.407 g,
2.49 mmol),
2-(diphenylphosphanyl)-1-ethylamine
(1.120 g, 4.89 mmol), p-toluenesulfonic acid (0.010 g, 0.060 mmol),
toluene (10 mL), and 4 Å molecular sieves (approx. 10 cm3). The
initial pale yellow solution was set to stir at 80 °C for 24 h. After
cooling to ambient temperature, the bomb was transferred to a
glovebox where the resulting solution was filtered through Celite
with excess ethyl ether. The solvent was then removed in vacuo to
yield a yellow oil. The oil was dissolved in ethyl ether (approx.
2 mL) and the resulting solution was placed in the glovebox freezer
at –35 °C. After 24 h, a light yellow crystalline solid had precipitated. Decanting the mother liquor and subsequent drying allowed
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the isolation of 1.098 g (72 %) of a crystalline yellow solid identified
as Ph2PEtPDI. C37H37N3P2 (585.67): calcd. C 75.88, H 6.37, N 7.18;
found C 75.80, H 6.11, N 7.22. 1H NMR (CDCl3): δ = 7.93 (d, J
= 7.8 Hz, 2 H, m-pyr), 7.62 (t, J = 7.8 Hz, 1 H, p-pyr), 7.49 (t, J =
6 Hz, 8 H, o-phenyl), 7.33 (m, 12 H, m-phenyl, p-phenyl), 3.68
(pseudo quart, J = 7.4 Hz, 4 H, CH2), 2.56 (t, J = 8 Hz, 4 H, CH2),
2.29 (s, 6 H, N=CCH3) ppm. 1H NMR ([D6]benzene): δ = 8.27 (d,
J = 7.8 Hz, 2 H, m-pyr), 7.52 (t, J = 7.6 Hz, 8 H, o-phenyl), 7.25
(t, J = 7.8 Hz, 1 H, p-pyr), 7.08 (m, 12 H, m-phenyl, p-phenyl), 3.65
(pseudo quart, J = 7.2 Hz, 4 H, CH2), 2.58 (t, J = 7.6 Hz, 4 H,
CH2), 2.12 (s, 6 H, N=CCH3) ppm. 13C NMR ([D6]benzene): δ =
165.72 (N=C), 155.87 (o-pyr), 139.49 (d, JCP = 14.2 Hz, phenyl),
135.85 (p-pyr), 132.85 (d, JCP = 19.5 Hz, phenyl), 128.32 (d, JCP =
6.7 Hz, phenyl), 128.23 (phenyl), 121.19 (m-pyr), 49.48 (d, JCP =
20.2 Hz, CH2), 30.35 (d, JCP = 12.7 Hz, CH2), 22.31 (N=C), 12.93
(CH2CH2) ppm. 31P NMR (CDCl3): δ = –16.50 (PPh2) ppm. 31P
NMR ([D6]benzene): δ = –16.52 (PPh2) ppm.
2,6-((C6H5)2PCH2CH2CH2N=C(CH3))2C5H3N (Ph2PPrPDI): A
250-mL thick-walled glass bomb was charged with 2,6-diacetylpyridine (0.400 g, 2.451 mmol), 3-(diphenylphosphanyl)-1-propylamine (1.195 g, 4.912 mmol), p-toluenesulfonic acid (0.010 g,
0.060 mmol), toluene (10 mL), and 4 Å molecular sieves (approx.
10 cm3). The initial solution was pale yellow in color and was set
to stir at 80 °C for 24 h. After cooling to ambient temperature, the
bomb was transferred to a glovebox where the resulting solution
was filtered through Celite with excess ethyl ether. The solvent was
removed in vacuo, resulting in the isolation of a yellow oil. The oil
was dissolved in ethyl ether (2 mL) and placed in a –35 °C freezer.
Light yellow crystals were collected after decanting the mother
liquor. After drying, 0.918 g (61 %) of crystalline yellow Ph2PPrPDI
was obtained. C39H41N3P2 (613.72): calcd. C 75.88, H 6.73, N 6.85;
found C 75.85, H 6.92, N 6.74. 1H NMR (CDCl3): δ = 8.08 (d, J
= 7.8 Hz, 2 H, m-pyr), 7.71 (t, J = 7.8 Hz, 1 H, p-pyr), 7.46 (m, 8 H,
o-phenyl), 7.32 (m, 12 H, m-phenyl, p-phenyl), 3.61 (pseudo quart, J
= 7 Hz, 4 H, CH2), 2.37 (s, 6 H, N=CCH3), 2.23 (m, 4 H, CH2),
1.93 (pseudo quint, J = 7 Hz, 4 H, CH2CH2) ppm. 1H NMR ([D6]
benzene): δ = 8.32 (d, J = 8 Hz, 2 H, m-pyr), 7.53 (t, J = 6.8 Hz, 8
H, o-phenyl), 7.24 (t, J = 8 Hz, 1 H, p-pyr), 7.09 (m, 12 H, mphenyl, p-phenyl), 3.38 (pseudo quart, J = 6.7 Hz, 4 H, CH2), 2.26
(m, 10 H, CH2, N=CCH3), 2.04 (pseudo quint, J = 6.8 Hz, 4 H,
CH2CH2) ppm. 13C NMR (CDCl3): δ = 167.08 (N=C), 156.23 (opyr), 139.04 (d, JCP = 12.7 Hz, phenyl), 136.64 (p-pyr), 132.92 (d,
JCP = 18.7 Hz, phenyl), 128.69 (phenyl), 128.55 (phenyl), 121.14 (mpyr), 53.35 (d, JCP = 13.5 Hz, CH2), 27.51 (d, JCP = 15.7 Hz,
CH2CH2CH2) 26.17 (d, JCP = 11.2 Hz, CH2), 14.01 (N=CCH3)
ppm. 31P NMR (CDCl3): δ = –18.50 (PPh2) ppm. 31P NMR ([D6]benzene): δ = –18.70 (PPh2) ppm.
[(Ph2PEtPDI)Rh][Cl] ([3][Cl]): Under N2 atmosphere, a 20 mL scintillation vial was charged with [(COD)RhCl]2 (0.051 g, 0.103 mmol),
Ph PEt
2
PDI (0.134 g, 0.229 mmol), and toluene (approx. 10 mL). The
solution turned purple almost instantly and continued to darken in
color. The reaction was allowed to stir for 48 h, at which time the
toluene was removed under vacuum. The resulting solid was
washed with a small amount of pentane to remove any residual
free ligand to yield 0.126 g (84 %) of a purple microcrystalline solid
identified as [3][Cl]. C37H37ClN3P2Rh (724.03): calcd. C 61.38, H
5.15, N 5.80; found C 61.55, H 5.52, N 5.86. 1H NMR ([D6]DMSO): δ = 8.34 (d, J = 7.6 Hz, 2 H, m-pyr), 7.69 (broad m, 1 H,
p-pyr), 7.45 (t, J = 6.8 Hz, 2 H, phenyl), 7.30 (t, J = 6.8 Hz, 4 H,
phenyl), 7.18 (t, J = 7.2 Hz, 2 H, phenyl), 7.06 (pseudo quart, 8 H,
phenyl), 6.51 (m, 4 H, phenyl), 4.49 (broad m, 2 H, CH2), 3.89
(broad m, J = 7.6 Hz, 2 H, CH2), 2.82 (broad m, 2 H, CH2), 2.65
(t, JPH = 6.8 Hz, 6 H, N=CCH3), 1.76 (broad m, 2 H, CH2) ppm.
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C NMR ([D6]DMSO): δ 160.24 (N=C), 147.12 (o-pyr), 135.42 (iphenyl), 132.10 (phenyl), 131.08 (phenyl), 130.52 (phenyl), 130.20
(phenyl), 129.22 (phenyl), 128.74 (phenyl), 125.03 (m-pyr), 51.88
(CH2), 25.54 (CH2), 15.82 (N=CCH3) ppm, one resonance not located. 31P NMR ([D6]DMSO): δ 43.64 (d, JRhP = 135.4 Hz, PPh2).
[(Ph2PPrPDI)Rh][Cl] ([4][Cl]): Under N2 atmosphere, a 20 mL scintillation vial was charged with [(COD)RhCl]2 (0.201 g,
0.408 mmol), Ph2PPrPDI (0.498 g, 0.812 mmol), and toluene (approx. 10 mL). The resulting solution turned purple almost instantly
and continued to darken while stirring at ambient temperature for
48 h. The toluene was removed in vacuo and the product was
washed with a small amount of pentane to remove any residual
free ligand. After drying, 0.475 g (78 %) of a purple microcrystalline
solid identified [4][Cl] was collected. C39H41ClN3P2Rh (752.08):
calcd. C 62.28, H 5.50, N 5.59; found C 62.87, H 5.69, N 5.57. 1H
NMR ([D6]DMSO): δ = 8.57 (d, J = 8.0 Hz, 2 H, m-pyr), 7.83
(broad m, 1 H, p-pyr), 7.60 (m, 6 H, phenyl), 7.15 (m, 6 H, phenyl),
6.97 (t, J = 7.6 Hz, 4 H, phenyl), 6.27 (broad t, J = 8.4 Hz, 4 H,
phenyl), 4.47 (broad m, 2 H, CH2), 3.41 (broad t, J = 11.5 Hz, 2
H, CH2), 2.69 (t, JPH = 5.7 Hz, 6 H, N=CCH3), 2.29 (broad m,
6.3 Hz, 2 H, CH2), 1.97 (broad m, 2 H, CH2CH2), 1.71 (t, J =
12 Hz, 2 H, CH2), 1.17 (broad m, 2 H, CH2CH2) ppm. 13C NMR
([D6]DMSO): δ = 160.73 (N=C), 145.80 (o-pyr), 135.63 (t, JCP =
18.0 Hz, i-phenyl), 132.73 (phenyl), 131.25 (phenyl), 130.50 (phenyl),
130.23 (phenyl), 129.38 (phenyl), 128.71 (phenyl), 128.60 (phenyl),
125.52 (m-pyr), 120.05 (p-pyr), 55.51 (CH2), 27.47 (CH2CH2), 23.54
(CH2), 15.44 (N=CCH3) ppm. 31P NMR ([D6]DMSO): δ = 32.88
(d, JRhP = 138.5 Hz, PPh2) ppm. UV/Vis (DMSO): λmax (nm) =
317 (ε = 12400 m–1 cm–1), 362 (ε = 8000 m–1 cm–1), 530 (ε =
8800 m–1 cm–1), 671 (ε = 2900 m–1 cm–1).
[(Ph2PPrPDI)Rh][(COD)RhCl2] ([4][(COD)RhCl2]): Under N2 atmosphere, a 20 mL scintillation vial was charged with [(COD)RhCl]2
(0.060 g, 0.122 mmol), Ph2PPrPDI (0.075 g, 0.122 mmol), and acetone (approx. 10 mL). The resulting solution turned purple upon
reagent addition and was stirred at ambient temperature for 24 h.
The acetone was removed in vacuo and the product was washed
with pentane (10 mL) to remove free COD. After drying, 0.068 g
(55 %) of a dark purple microcrystalline solid identified ([4][(COD)
RhCl2]) was collected. C47H53Cl2N3P2Rh2 (998.62): calcd. C 56.53,
H 5.35, N 4.21; found C 56.59, H 5.63, N 4.26. 1H NMR ([D6]DMSO): δ = 8.57 (d, J = 7.6 Hz, 2 H, m-pyr), 7.82 (broad m, 1 H,
p-pyr), 7.60 (m, J = 7.0 Hz, 6 H, phenyl), 7.15 (m, 6 H, phenyl),
6.97 (t, J = 7.8 Hz, 4 H, phenyl), 6.27 (broad t, 4 H, phenyl), 4.46
(broad m, 2 H, CH2), 4.33 (broad m, 4 H, COD), 3.41 (t, J =
11.2 Hz, 2 H, CH2), 2.69 (t, JPH = 6.0 Hz, 6 H, N=CCH3), 2.37
(broad m, 6 H, COD), 2.29 (broad m, 2 H, CH2), 2.08 (broad m,
2 H, CH2CH2), 1.70 (m, 2 H, CH2), 1.16 (broad m, 2 H,
CH2CH2) ppm. 13C NMR ([D6]DMSO): δ 160.71 (N=C), 145.77
(o-pyr), 135.71 (i-phenyl), 132.73 (phenyl), 131.25 (phenyl), 130.51
(phenyl), 130.23 (phenyl), 129.39 (phenyl), 128.66 (phenyl), 125.53
(m-pyr), 120.05 (p-pyr), 84.99 (COD), 55.50 (CH2), 30.75 (COD),
27.46 (CH2CH2), 23.54 (CH2), 15.45 (N=CCH3) ppm, one resonance not located. 31P NMR ([D6]DMSO): δ 31.63 (d, JRhP =
138.5 Hz, PPh2).
[(Ph2PEtPDI)Rh][BF4] ([3][BF4]): Under N2 atmosphere, a 20 mL
scintillation vial was charged with [(COD)RhCl]2 (0.023 g,
0.046 mmol), and AgBF4 (0.020 g, 0.105 mmol) suspended in THF
(4 mL). The suspension was stirred in the dark for 1 h, resulting in
the precipitation of a light beige solid (AgCl) which was removed
by filtration. To the resulting pale yellow solution, a THF solution
(3 mL) containing Ph2PEtPDI (0.054 g, 0.092 mmol) was added. The
solution instantly darkened in color. The reaction was stirred for
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24 h, at which point the solvent was removed in vacuo. The product
was washed with pentane (5 mL) then dried to yield 0.048 g (68 %)
of a blue/purple microcrystalline solid identified as [3][BF4].
C37H37BF4N3P2Rh (775.37): calcd. C 57.31, H 4.81, N 5.42; found
C 57.54, H 5.20, N 5.27. 1H NMR ([D6]DMSO): δ = 8.54 (d, J =
7.8 Hz, 2 H, m-pyr), 7.90 (pseudo sept, J = 4.0 Hz, 1 H, p-pyr),
7.66 (t, J = 6.3 Hz, 2 H, phenyl), 7.51 (t, J = 7.0 Hz, 4 H, phenyl),
7.39 (t, J = 7.2 Hz, 2 H, phenyl), 7.26 (pseudo quart, 8 H, phenyl),
6.72 (pseudo quart, J = 3.7 Hz, 4 H, phenyl), 4.70 (broad m, 2 H,
CH2), 4.10 (broad m, 2 H, CH2), 3.43 (broad m, 2 H, CH2), 3.01
(broad m, 2 H, CH2), 2.85 (t, JPH = 7.2 Hz, 6 H, N=CCH3) ppm.
1
H{31P} NMR ([D6]DMSO): δ = 8.54 (d, J = 8.0 Hz, 2 H, m-pyr),
7.90 (t, J = 8.0 Hz, 1 H, p-pyr), 7.66 (t, J = 7.5 Hz, 2 H, phenyl),
7.51 (t, J = 7.5 Hz, 4 H, phenyl), 7.38 (t, J = 7.5 Hz, 2 H, phenyl),
7.27 (m, 8 H, phenyl), 6.72 (d, J = 7.5 Hz, 4 H, phenyl), 4.70 (broad
m, 2 H, CH2), 4.10 (broad m, 2 H, CH2), 3.43 (broad m, 2 H,
CH2), 3.01 (broad m, 2 H, CH2), 2.85 (s, 6 H, N=CCH3) ppm. 13C
NMR ([D6]DMSO): δ = 160.24 (N=C), 147.13 (o-pyr), 135.42 (t,
JCP = 17.2 Hz, i-phenyl), 132.11 (phenyl), 131.09 (phenyl), 130.52
(phenyl), 130.22 (phenyl), 129.27 (phenyl), 128.76 (phenyl), 125.08
(m-pyr), 125.15 (p-pyr), 51.87 (CH2), 35.51 (t, JCP = 16.4 Hz, CH2),
15.82 (N=CCH3) ppm. 31P NMR ([D6]DMSO): δ = 42.42 (d, JRhP
= 135.4 Hz, PPh2) ppm.
[(Ph2PPrPDI)Rh][BF4] ([4][BF4]): Under N2 atmosphere, a 20 mL
scintillation vial was charged with [(COD)RhCl]2 (0.040 g,
0.081 mmol), and AgBF4 (0.035 g, 0.178 mmol) suspended in THF
(5 mL). The suspension was stirred in the dark for 1 h, resulting in
the precipitation of a light beige solid (AgCl) which was removed
by filtration. To the resulting pale yellow solution, a THF (3 mL)
solution containing Ph2PPrPDI (0.100 g, 0.162 mmol) was added.
The solution instantly darkened in color. The reaction was stirred
for 24 h, at which point the solvent was removed in vacuo. The
product was washed with pentane (5 mL) then dried to yield
0.103 g (79 %) of a purple microcrystalline solid identified as
[4][BF4]. C39H41BF4N3P2Rh (803.43): calcd. C 58.30, H 5.14, N
5.23; found C 58.04, H 5.25, N 5.07. 1H NMR ([D6]DMSO): δ =
8.57 (d, J = 7.6 Hz, 2 H, m-pyr), 7.83 (broad m, 1 H, p-pyr), 7.60
(pseudo quart, J = 7.0 Hz, 6 H, phenyl), 7.15 (broad m, 6 H,
phenyl), 6.97 (t, J = 7.2 Hz, 4 H, phenyl), 6.28 (broad t, 4 H,
phenyl), 4.47 (pseudo d, J = 10 Hz, 2 H, CH2), 3.42 (t, J = 10.8 Hz,
2 H, CH2), 2.69 (t, JPH = 5.5 Hz, 6 H, N=CCH3), 2.29 (broad m,
2 H, CH2), 1.99 (broad m, 2 H, CH2CH2), 1.71 (m, 2 H, CH2),
1.17 (broad m, 2 H, CH2CH2) ppm. 13C NMR ([D6]DMSO): δ =
160.73 (N=C), 145.79 (o-pyr), 135.71 (t, JCP = 18.0 Hz, i-phenyl),
132.73 (t, JCP = 6.0 Hz, phenyl), 131.25 (phenyl), 130.51 (phenyl),
130.23 (phenyl), 129.39 (phenyl), 128.66 (t, JCP = 4.5 Hz, phenyl),
125.53 (m-pyr), 120.05 (p-pyr), 55.51 (CH2), 27.48 (CH2CH2), 23.55
(t, JCP = 11.2 Hz, CH2), 15.43 (N=CCH3) ppm. 31P NMR ([D6]DMSO): δ = 31.64 (d, JRhP = 138.1 Hz, PPh2) ppm. UV/Vis
(DMSO): λmax (nm) = 317 (ε = 8900 m–1 cm–1), 362 (ε =
6600 m–1 cm–1), 530 (ε = 6600 m–1 cm–1), 671 (ε = 3400 m–1 cm–1).
Supporting Information (see footnote on the first page of this article): UV/Vis data collected for 1-Cl, [4][Cl], and [4][BF4], variable
temperature 1H NMR spectroscopic data for [1][BF4], and a comparison of 1H and 1H{31P} NMR spectra for [3][Cl] are also provided.
CCDC-926033 (for 1-Cl), -926030 (for 2-Cl), -926031 (for [2][BF4]),
and -926032 (for [4][(COD)RhCl2]) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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