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Seven-coordinate rhenium oxo complexes supported by a tetradentate bipyridine carboxamide/carboxa-

midate ligand are reported. The neutral dicarboxamide H2
Phbpy-da ligand initially coordinates in an L4

(ONNO) fashion to an octahedral rhenium oxo precursor, yielding a seven-coordinate rhenium oxo

complex. Subsequent deprotonation generates a new oxo complex featuring the dianionic (L2X2)

carboxamidate (NNNN) form of the ligand. Computational studies provide insight into the relative

stability of possible linkage isomers upon deprotonation. Structural studies and molecular orbital theory

are employed to rationalize the relative isomer stability and provide insight into the rhenium–oxo bond

order.

Introduction

Carboxamides and their conjugate bases, carboxamidates, act
as ligands in a diverse array of coordination chemistry.
Carboxamides bind most commonly through the carbonyl
oxygen atom but can also bind through the amide N in either
tautomer (Fig. 1A).1–3 The conjugate base carboxamidates can
bind through oxygen or nitrogen as well (Fig. 1A).4 Both
ligands can also support additional interactions such as hydro-
gen bonding.4–8 Carboxamide and carboxamidate complexes
have seen use in catalytic water oxidation and hydroamination
of unsaturated carbon–carbon bonds, among other
transformations.5,9–14 In addition, carboxamide and carboxa-
midate ligands have applications in medicinal chemistry, for
example as radiopharmaceutical tracers or anticancer
agents.1,15–19

Our interest in applying tridentate, pincer-ligated rhenium
complexes to N2 fixation chemistry led us to consider tetraden-
tate ligands as an alternative motif to avoid the formation of
multiple isomeric N2 complexes.20,21 The ligand 6,6′-bis(phe-
nylcarbamoyl)-2,2′-bipyridine (H2

Phbpy-da)22 in particular
attracted our attention for exploring novel rhenium coordi-
nation chemistry that might eventually be applied to nitrogen

fixation.23 Approaching the synthesis, we recognized the possi-
bility that several binding modes (NNNN, ONNN, or ONNO)
could be accessible due to the rotational freedom of the
carboxamidate moieties (Fig. 1B). Such linkage isomerism is
frequently encountered in carboxamidate ligands, with
different isomers being observed when pH, steric bulk, oxi-
dation state, and metal identity are varied.4,8,15,19 Additional
structural complexity could arise from access to either six- or
seven-coordinate complexes. The wide bite angle of tetradentate
ligands derived from bipyridine can enable binding of a fifth
ligand in the plane of the bipyridine, as seen in ruthenium
complexes featuring a dicarboxylate analog to [Phbpy-da]2−.24

Here, we report the rhenium coordination chemistry of
H2

Phbpy-da and its deprotonated analogue, [Phbpy-da]2−.
H2

Phbpy-da coordinates to a ReV center as an L4 ligand to yield
a seven-coordinate pentagonal bipyramidal metal oxo complex
[Re(H2

Phbpy-da)(O)(Cl)2]
+ ([1]+). Subsequent deprotonation pro-

duces an anionic pentagonal bipyramidal metal oxo complex
[Re(Phbpy-da)(O)(Cl)2]

− ([2]−) and crystallographic and compu-
tational studies provide insight into the most stable ligand
binding mode. Qualitative molecular orbital analyses are used
to describe the rhenium–oxo bond and explain the origin of the
strong oxo trans influence in the pentagonal plane.

Results and discussion
Synthesis and characterization

The neutral ligand H2
Phbpy-da was prepared via a two-step syn-

thetic procedure similar to that reported by Llobet and co-
workers.22 Carboxamidate metal complexes are typically pre-
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pared either by deprotonation of the carboxamide moieties
before addition to a metal precursor or by mixing a metal pre-
cursor and ligand in the presence of base.22,25–27 To replicate
these conditions, H2

Phbpy-da was allowed to react with various
rhenium precursors including K2ReCl6, Re(O)(OEt)(I)2(PPh3)2,
Re(Me2S)(OPPh3)(O)(Cl)3, Re(N)(Cl)2(PPh3)2, and ReCl5 in the
presence of either NaN(SiMe3)2 or NEt3.

28,29 Unfortunately,
these reactions all yielded intractable mixtures.

An alternative metallation route was pursued in which
H2

Phbpy-da was added to metal precursors in the absence of
base. Treating the previously reported ReV precursor, Re(Me2S)
(OPPh3)(O)(Cl)3 with H2

Phbpy-da and NaBArF4 (Ar
F = 3,5-bis(tri-

fluoromethyl)phenyl) resulted in a color change from seafoam
green to crimson (Scheme 1).28 Workup of the reaction
mixture enabled isolation of a crimson product, [1][BArF4], in
32% yield, which displayed an amide N–H proton at
10.26 ppm in CD3CN (10.13 in the free ligand, Fig. S5†). The
solid-state structure was determined for the related hexafluoro-
phosphate salt, which proved more crystalline. X-ray diffraction
of crystals grown from NH4PF6-saturated MeCN at −30 °C
confirmed the structure as the seven-coordinate rhenium oxo
complex trans-[Re(H2

Phbpy-da)(O)(Cl)2]
+ (Fig. 2B).

Only a few crystallographically characterized seven-coordi-
nate rhenium oxos have been reported.30–33 This unusual
coordination number is likely enabled in the present system
by the three 5-membered metallocycles formed upon coordi-
nation of H2

Phbpy-da to a larger rhenium ion, leaving ample
room in the H2

Phbpy-da plane for a fifth ligand due to a wide
O1–Re1–O3 angle of 155.35(8)°. Every atom of the carboxamide
ligand in [1][PF6] sits in the same plane (Fig. 2A). A trans geo-
metry is adopted in which the oxo sits in the pentagonal
plane. The measured Re1–O2 distance in [1][PF6] is 1.683(2) Å,
which is close to the average distance of 1.692 Å (standard
deviation, σ = 0.029 Å) for other pentagonal bipyramidal ReV

terminal oxo complexes (Table S10†) as well as the average dis-
tance of 1.682 Å (σ = 0.015 Å) for octahedral ReV terminal oxo
complexes containing a bipyridine ligand (Table S11†). The
carboxamide C–O bond distances are 1.248(3) Å and 1.255(3)
Å, slightly longer than those seen crystallographically for the
free ligand, 1.226(2) Å. The structure of the free ligand as well
as the structure of [1][PF6] both reveal a solid state preference
for the phenyl groups to be trans to the pyridine ring, presum-
ably minimizing steric interactions between aromatic groups.
The average Re–N(bpy) distance in [1][PF6] is 2.295 Å. This dis-
tance was compared to Re–N(bpy) distances in octahedral ReV

terminal oxo complexes (Table S11†). For these previously
reported complexes, the average Re–N(bpy) bond distance is
2.159 Å (σ = 0.044) for the pyridine cis to the oxo and the
average Re–N(bpy) bond distance is 2.282 Å (σ = 0.034) for the
pyridine trans to the oxo. It is striking that pentagonal bipyra-
midal [1][PF6] has two Re–N(bpy) distances that are both
similar to Re–N(bpy) distances when the pyridine unit is trans
to the oxo in an octahedral geometry, even though the oxo is
not positioned directly across from either N atom. The origin
of this strong trans influence will be discussed below.

With [1]+ in hand, deprotonation of the carboxamide ligand
to access the carboxamidate complex was attempted. Since an
ONNO binding mode was observed in [1]+, it seemed plausible
that an oxophilic Re(V) center might retain coordination mode
after deprotonation. However, the rotational freedom of the
carboxamide-bipyridine C–C bond made it impossible to rule
out a change in connectivity to NNNN. Adding 2.3 equivalents
of NEtiPr2 to a crimson solution of [1][BArF4] in MeCN gradu-
ally yielded a dark orange solution within 30 minutes

Scheme 1 Synthesis of [1][BArF4].

Fig. 1 (A) Binding modes of carboxamide and carboxamidate ligands.
(B) Metalation of dicarboxamide ligand H2

Phbpy-da highlighting possible
linkage isomers for its doubly deprotonated analogue.
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(Scheme 2). 1H NMR and IR spectra both indicated that com-
plete deprotonation of carboxamide N–H protons had
occurred. ESI-MS corroborated double deprotonation, since
the positive mode fragment [Re(H2

Phbpy-da)(O)(Cl)]+ ([1]+, m/z
667.0288) was no longer detected, and a negative mode ion
that was two mass units lighter appeared instead, consistent
with [Re(Phbpy-da)(O)(Cl)2]

− ([2]−, m/z 665.0153). The
[HNEtiPr2]

+ countercation could be replaced by treatment with
excess NaBArF4 to yield [Na][2] in 51% yield. The salt [Na][2]
was poorly soluble in all tested solvents, facilitating purifi-

cation of the complex while inhibiting attempts at characteriz-
ation. Treating [Na][2] with aza-18-crown-6 (a18c6) or 18-crown-
6 improved the solubility in acetonitrile, and in the case of
a18c6 also enabled growth of orange single crystals by vapor
diffusion of Et2O into a concentrated acetonitrile solution of
[Na·a18c6][2] at −30 °C (Fig. 3A).

The solid-state structure of [Na·a18c6][2] features [Phbpy-
da]2− bound in an NNNN fashion, with [Na·a18c6]+ co-
ordinated to one of the [Phbpy-da]2− carboxamidates.
Deprotonation of [1][BArF4] therefore must be accompanied by
rotation about the C–C bond connecting the bipyridine and
the carboxamidate moieties switch from O-binding in [1]+ to
N-binding in [2]−. In contrast to the structure of [1]+, the
ligand phenyl substituents are rotated nearly perpendicular to
the bipyridine-carboxamidate plane in [Na·a18c6][2]. As with
[1][PF6] and other reported pentagonal bipyramidal ReV oxo
complexes, the oxygen atom remains in the pentagonal plane
in [Na·a18c6][2]. The ReuO bond length in [Na·a18c6][2] is
1.687(6) Å, essentially the same as that in [1][PF6], and the
average Re–N(bpy) bond distance in [Na·a18c6][2] is 2.312 Å,
approximately 0.02 Å greater than in [1][PF6]. Finally, the
amine nitrogen of a18c6 is positioned proximal to the carboxa-
midate oxygen (N6–O3 = 2.99(1) Å, N–H–O angle of 110.42°).
This could possibly indicate that the carboxamide oxygen

Fig. 2 (A) X-ray structure of H2
Phbpy-da (50% probability ellipsoids,

hydrogen atoms omitted for clarity except for N–H protons). Distances
(Å): C2–N3: 1.352(1), C2–O1: 1.226(2). (B): X-ray structure of [1][PF6]
(50% probability ellipsoids, hydrogen atoms omitted for clarity).
Distances (Å) and angles (°): Re1–N1 2.302(2), Re1–N2 2.287(2), Re1–O1
2.129(2), Re1–O2 1.683(2), Re1–O3 2.132(2), Re1–Cl1 2.3479(7), Re1–Cl2
2.3564(6), C11–N3 1.329(3), C12–N4 1.335(3), C11–O1 1.255(3), C12–O3
1.248(3). O1–Re1–O2 77.45(9), O2–Re1–O3 77.97(9), O3–Re1–N2 68.59
(8), N2–Re1–N1 67.42(8), N1–Re1–O1 68.57(8), Cl1–Re1–Cl2 162.50(2).
See ESI† for complete list of bond lengths (Table S2† for H2

Phbpy-da,
Table S5† for [1][BArF4]) and angles (Table S3† for H2

Phbpy-da, Table S6†
for [1][BArF4]).

Scheme 2 Deprotonation of [1][BArF4] to yield [Na][2] and subsequent
conversion to [PPN][2] or [Na·a18c6][2].
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engages in both dative bonding with Na+ and hydrogen
bonding with the macrocyclic amine.34

Another cation exchange was performed with the more
soluble bis(triphenylphosphine)iminium (PPN+) ion by treat-
ing [Na][2] with [PPN][Cl] in MeCN to give [PPN][2] in 88%
yield. [PPN][2] also facilitated studies to determine the reversi-
bility of the structural changes occurring during the deproto-
nation of the coordinated H2

Phbpy-da ligand. We were
especially interested in this process given that 5d transition
metals are often substitutionally inert.35–37 To assess the rever-
sibility of the change from O- to N-binding of the amide
group, [PPN][2] was treated with two equivalents of [H
(OEt2)2][BAr

F
4] at room temperature (Scheme 3). This resulted

in reformation of [1][BArF4] in greater than 95% yield within
one hour according to 1H NMR spectroscopy (Fig. S13†). These
results suggest that there is not a significant kinetic barrier
associated with the change in binding mode when the ligand
protonation state is changed.

DFT studies of possible linkage isomers

Dicarboxamidate ligands such as [Phbpy-da]2− can conceivably
bind either through oxygen or nitrogen given the rotational
freedom of the C–C bond between the carboxamidate and
bipyridine backbone.19,38–40 To understand the energetic land-
scape connecting the different linkage isomers, density func-
tional theory (DFT) calculations were undertaken, and the

results are summarized in Fig. 4. Consistent with the crystallo-
graphically determined structure of [2]−, the calculations
predict the NNNN coordination mode to be more favorable
than the ONNO or ONNN modes. However, the computed
energy differences among the three isomers are not substan-
tial, varying within 3.3 kcal mol−1.

The barrier to linkage isomerization was also examined
computationally. The transition state structures for intercon-
version between ONNO and ONNN binding (TS1) and for the
interconversion between ONNN and NNNN binding (TS2)
feature rotation of the carboxamidate moiety by 90° from the
bpy plane, implying complete dissociation of one ligand in the
transition state. Nevertheless, isomerization barriers are com-
puted to be low, 19.1 and 17.2 kcal mol−1, for TS1 and TS2
respectively. This probably follows from a stabilizing structural
reorganization into a pseudo-octahedral geometry in which
the Re–N(bpy) bonds are significantly contracted compared to
the respective bonds in the pentagonal bipyramidal reactants
and products. For example, [Re(ONNO)(O)(Cl)2]

− (i.e. the
product of double deprotonation of [1]+) has computed Re–N
(bpy) distances of 2.36 Å; in TS1 these bonds become inequiva-
lent, with bond distances of 2.14 and 2.25 Å for the positions
cis and trans to the oxo, respectively.

A plausible mechanism for the formation of NNNN-bound
[2]− starts with deprotonation of the ONNO-bound complex
[1]+, followed by isomerization to the ONNN and then NNNN
complex. By the principle of microscopic reversibility, for-
mation of [1]+ from [2]− would occur by a linkage isomeriza-
tion/protonation mechanism. The low computed barriers for
the latter isomerizations via TS2 and TS1 (18.1 and 21.5 kcal
mol−1, respectively, Fig. 4) imply kinetically facile isomeriza-
tion that is consistent with the experimentally observed rapid
reversion of [2]− to [1]+ upon addition of acid.

Bonding in pentagonal bipyramidal rhenium oxo complexes

Monometallic rhenium oxo complexes with a pentagonal
bipyramidal geometry are rare, warranting further study to
understand bonding in these complexes.30–33 The crystallo-
graphic and computed geometries of [1]+ and [2]− are distin-
guished by a short rhenium–oxo bond as well as long Re–N
(bpy) distances. Qualitative molecular orbital diagrams shown
in Fig. 5 suggest these features result from triple bond charac-

Fig. 3 X-ray structure of [Na·a18c6][2]. Two molecules of MeCN and all
hydrogen atoms except for the one attached to N6 have been omitted
for clarity, carbon atoms of a18c6 are shown in wireframe, and thermal
ellipsoids are shown at 50% probability. Distances (Å) and angles (°):
Re1–N1 2.319(7), Re1–N2 2.229(7), Re1–N3 2.305(8), Re1–N4 2.212(7),
Re1–O2 1.687(6), Re1–Cl1 2.386(2), Re–Cl2 2.368(2), C18–N4 1.33(1),
C6–N2 1.32(1), C18–O3 1.25(1), C6–O1 1.25(1), Na1–O3 2.388(8), N6–
O3 2.99(1), N2–Re1–O2 78.6(3), O2–Re1–N4 78.4(3), N4–Re1–N3 68.6
(2), N3–Re1–N1 66.6(2), N1–Re1–N2 67.9(2). See ESI for complete list of
bond lengths (Table S8†) and angles (Table S9†).

Scheme 3 Treatment of [PPN][2] with 2 equivalents of [H(OEt2)2][BAr
F
4]

to regenerate [1][BArF4].
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ter in the ReuO unit. Fig. 5 starts with the MO diagram of a
D5h pentagonal bipyramid, adopting an axis convention with
the z-axis in the pentagonal plane in preparation for a descent
in symmetry to the C2v structures of interest. Next, σ- and
π-antibonding interactions of the oxo, chloride, and H2

Phbpy-
da/[Phbpy-da]2− ligands were incorporated. The dyz and dxz
orbitals are significantly destabilized by the strong π-donor
oxygen, while the dxy orbital is expected to be only mildly
destabilized by the Cl π-donors. Thus, the lowest energy MO
with predominantly d-orbital character is dxy, and this is
expected to be occupied by the two d-electrons in a low-spin S
= 0 d2 configuration. This fits with the experimental spectro-
scopic data, given that the complexes are diamagnetic. DFT

computations based on [2]− (but simplified by replacement of
N–Ph with N–H) produced MOs that have the same character
and energy ordering as in the qualitative MO diagram. This
configuration leaves the MOs with ReO π* character empty, so
the ReuO unit can be assigned a bond order of 3. The Re–oxo
bond length in crystal structures of both [1]+ and [2]− is con-
sistent with other Re–oxo bonds assigned the same bond order
in pseudooctahedral environments featuring bipyridine-based
supporting ligands (Table S11†). A filled dxy orbital and a Re–
oxo triple bond formulation would also be expected for pseu-
dooctahedral complexes. It is worth noting that the orbital
ordering may be influenced by the specific supporting ligands
employed or structural distortions.

Fig. 4 Computed Gibbs free energies and selected bond distances for linkage isomers in [2]− and the transition states (TS1 and TS2) for their inter-
conversion. M06L results in THF continuum in kcal mol−1 at 298 K and 1 M; bond distances in Å.
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The dxz symmetry MO has both ReuO π* character and Re–
N(bpy) σ* antibonding character, revealing an interesting
feature of σ/π mixing when the oxo is situated in the pentago-
nal plane. The O lone pairs and bpy N lone pairs are both
donating to the same d-orbital, enabling a strong oxo trans
influence that leads to long Re–N(bpy) bond lengths
(Fig. S30†). The trans influence of the oxo can also be seen in
linkage isomerism transition states, where one pyridine unit is
trans to a carboxamidate donor and the other is trans to the
oxo. The Re–N(bpy) bond length is always calculated to be sig-
nificantly longer when trans to the oxo.

Conclusions

We report the synthesis of two new pentagonal bipyramidal
rhenium oxo complexes supported by planar tetradentate
dicarboxamide and dicarboxamidate ligands. Coordination of
the neutral bipyridine dicarboxamide to rhenium formed one
oxo complex in an ONNO binding mode; deprotonation and
linkage isomerization generated another NNNN-bound
complex. These studies provide a procedural framework for
synthesis of other metal carboxamide and carboxamidate com-
plexes in this geometry.

Structural and computational studies confirm that nitrogen
is the thermodynamically preferred anionic donor for rhenium
in this system. A qualitative molecular orbital bonding picture
was developed for the relatively rare pentagonal bipyramidal
geometry, providing an intuitive framework which could be
applied in the reported complexes to assign a rhenium–oxygen
triple bond. Computational methods support the validity of
the qualitative model while providing insight into the coopera-
tive effects of an unusually strong oxo ligand trans influence

and weaker bipyridine donors in imparting stability to these
seven-coordinate complexes.

Experimental section
General considerations

All manipulations, except those to synthesize H2
Phbpy-da, were

carried out under an N2 atmosphere using standard glovebox
and Schlenk techniques. Under standard glovebox operating
conditions pentane, diethyl ether (Et2O), benzene, toluene,
tetrahydrofuran (THF), were used without purging, such that
traces of each solvent were present in the atmosphere and in
the solvent bottles during manipulations. Acetonitrile (MeCN)
and dichloromethane (CH2Cl2) were purged from the atmo-
sphere after use. Unless otherwise stated, reagents used were
commercial and used without further purification. Re(OPPh3)
(Me2S)(O)(Cl)3 was synthesized in accordance with literature
methods.41 NaBArF4 was obtained commercially or synthesized
and recrystallized using literature methods.42,43 1H and 13C
{1H} NMR spectra were recorded on 400 or 600 MHz spec-
trometers at 298 K in the University of North Carolina’s
Department of Chemistry NMR Core Laboratory. Deuterated
solvents for NMR were purchased from Cambridge Isotopes
Laboratories, Inc. 1H and 13C chemical shifts are reported rela-
tive to residual proteo solvent resonances. High-resolution
mass spectrometery (HRMS) was performed in the University
of North Carolina’s Department of Chemistry Mass
Spectrometry Core Laboratory on a Q Exactive HF-X
(ThermoFischer, Bremen, Germany) mass spectrometer.
Samples were introduced via a microelectrospray source at a
flow rate of 3 µL min−1. XCalibur (ThermoFischer, Bremen,
Germany) was used to analyze the data. Solution-phase infra-
red spectroscopy was carried out with a Thermo Scientific

Fig. 5 (A) Constructing a qualitative MO diagram for [1]+ and [2]− to assign ReO bond order. (B) Canonical orbital renderings of MOs with largest Re
dxz, Re dyz, and Re dxy character. MOs rendered with isosurface value of 0.3 e Å−3.
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Nicolet iS5 FT-IR in MeCN. Single-crystal X-ray diffraction data
were collected on a Bruker SMART APEX II diffractometer with
Cu Kα radiation (λ = 1.54175 Å). Diffraction studies of H2

Phbpy-
da and [1][PF6] were performed at 150 K; [Na·a18c6][2] was col-
lected at 298 K. See ESI† for individual details on each crystal
structure. Elemental analysis was performed at Robertson
Microlit Laboratories (Ledgewood, NJ).

6,6′-Diphenylcarboxamido-2,2′-bipyridine (H2
Phbpy-da)

H2
Phbpy-da was synthesized via a preparation similar to that

reported by Llobet and coworkers, and spectra of the ligand
collected for this work matched reported spectra reasonably
well.22 A 50 mL round bottom flask was charged with a stir
bar, 2,2′-bipyridine-6,6′-dicarboxylic acid (400.3 mg,
1.639 mmol), dimethylformamide (0.1 mL), and SOCl2
(6.0 mL). The resulting slurry was vigorously stirred and
became homogeneous while refluxing for 4 hours under N2.

The yellow reaction solution was dried in vacuo to give a
yellow-white powder that was subsequently suspended in
15 mL of dry toluene. Triethylamine (0.45 mL, 3.23 mmol) was
added dropwise, and the solution was stirred for 2 minutes.
Aniline (0.30 mL, 3.29 mmol) was then added dropwise, yield-
ing a tan suspension which was stirred for 16 hours. This sus-
pension was filtered, and the solids were washed with 200 mL
EtOH and 200 mL pentane to give an off-white solid that was
dried overnight under vacuum to give 503.4 mg 6,6′-diphenyl-
carboxamido-2,2′-bipyridine (79% yield). 1H NMR (CD3CN, 8%
CD2Cl2, 600 MHz): δ 10.13 (br s, 2H, NH), 8.94 (dd, 2H, 3,3′-
bpy(CH), J = 7.9, 1.1 Hz), 8.34 (dd, bpy-5,5′, 2H, J = 7.7, 1.1 Hz),
8.21 (t, 2H, bpy-4,4′, J = 7.8 Hz), 7.88 (d, 4H, ortho-NC6H5, J =
7.6 Hz), 7.44 (t, 4H, meta-NC6H5, J = 7.6 Hz), 7.20 (tt, 2H, para-
NC6H5, J = 7.4 Hz, 1.1 Hz). 13C{1H} NMR (CD3CN 8% CD2Cl2,
151 MHz): δ 161.23 (s, CvO), 152.82 (s, bpy), 148.86 (s, bpy),
138.33 (s, bpy-4,4′), 137.22 (s, ipso-NC6H5), 128.09 (s, meta-
NC6H5), 123.59 (s, bpy-3,3′), 123.50 (s, para-NC6H5), 122.04 (s,
bpy-5,5′), 119.51 (s, ortho-NC6H5). IR: νCO 1688 cm−1.

[Re(bpy-da)(Cl)2(O)][BAr
F
4] ([1][BAr

F
4])

In an N2-filled glovebox, a 20 mL scintillation vial was charged
with a stir bar, H2

Phbpy-da (250.0 mg, 0.6338 mmol), NaBArF4
(561.6 mg, 0.6337 mmol), and Re(O)(OPPh3)(Me2S)(Cl)3
(411.3 mg, 0.6342 mmol), and 5 mL of THF. This mixture was
allowed to stir for 16 hours at room temperature, during which
a color change from seafoam green to deep crimson was
observed. The reaction mixture was first filtered and then con-
centrated by half in vacuo. The crimson solution was then
added to 10 mL of vigorously stirring pentane to flocculate a
sticky scarlet solid. This solid was isolated via vacuum fil-
tration before extracting it into Et2O. This Et2O solution was
taken to dryness in vacuo to yield a mixture of [1][BArF4],
H2

Phbpy-da, and triphenylphosphine oxide as a sticky solid.
Attempts to remove unreacted ligand and triphenylphosphine
oxide by recrystallization, solvent washes, or continuous
liquid–liquid extraction were unsuccessful. Instead, this
mixture was removed from the glovebox atmosphere and dis-
solved in 10 mL of acetonitrile under air. The resulting deep

red acetonitrile solution was then extracted sixty times in a
separatory funnel with 50 mL of hexanes. Over the course of
ten of these extractions, the product precipitated as a deep red
residue on the sides of the separatory funnel. Poor phase sep-
aration also resulted in some oil containing [1][BArF4] passing
through the separatory funnel and ending up in the hexanes
fraction. Therefore, the hexanes fraction was decanted from
the oil and discarded before adding an additional 10 mL of
MeCN to redissolve both the product-containing oil and
residue. Hexanes extractions were then resumed. After extrac-
tion, the residue was redissolved once more in acetonitrile, fil-
tered, and the solvent removed in vacuo. This procedure
yielded [1][BArF4] as a deep red sticky solid (32% yield). To
obtain diffraction quality crystals of [1]+, the mixture of
[1][BArF4], H2

Phbpy-da, and triphenylphosphine oxide obtained
prior to the hexanes extractions was dissolved in a minimal
volume of a saturated [NH4][PF6] solution in MeCN, filtered
and placed in a −30 °C freezer overnight. This procedure
yielded red needles of [1][PF6] in low yield. 1H NMR (CD3CN,
600 MHz): δ 10.26 (br s, 2H, NH), 8.58 (t, bpy-4,4′, 2H, J =
7.9 Hz), 8.52 (dd, 2H, bpy-3,3′, J = 8.0, 1.1 Hz), 8.45 (dd, 2H,
bpy-5,5′, J = 7.9 Hz, 1.0 Hz), 7.77 (d, 4H, ortho-NC6H5, J =
7.7 Hz), 7.60 (t, 4H, meta-NC6H5, J = 7.7 Hz), 7.42 (tt, 2H, para-
NC6H5, J = 7.4 Hz, 1.1 Hz). 13C{1H} NMR (CD3CN, 151 MHz):
δ 160.41 (s, CvO), 150.60 (s, bpy), 143.59 (s, bpy), 142.62 (s,
bpy-4,4′), 133.26 (s, ipso-NC6H5), 128.69 (s, meta-NC6H5) 127.76
(s, bpy-3,3′), 127.39 (s, para-NC6H5), 126.55 (s, bpy-5,5′), 121.86
(s, ortho-NC6H5). IR: νCO 1636 cm−1. HRMS: (ESI+) m/z [Re(O)
(Cl)2(H2

Phbpy-da)]+ calcd for C24H18N4O3Cl2Re, 667.0314;
found 667.0288. Anal. calcd for C24H18N4O3Cl2Re: C: 43.94; H:
1.98; N: 3.66. Found: C: 43.66; H: 1.95; N: 2.74.

[Na][Re(bpy-da)(Cl)2O] ([Na][2])

In an N2-filled glovebox, a 20 mL scintillation was charged
with a stir bar and [1][BArF4] (150.0 mg, 0.09799 mmol) as a
dark red solution in 10 mL of MeCN. To this solution, diiso-
propylethylamine (34.2 µL, 0.196 mmol) was added dropwise
and the solution immediately turned dark orange and became
cloudy. The vial was sealed and stirred for 30 minutes. The vial
was then reopened and NaBArF4 (434.2 mg, 0.4900 mmol) dis-
solved in 2 mL MeCN was added. The vial was sealed and
stirred for an additional 30 minutes, during which an intense
red-orange powder precipitated. This powder was collected via
filtration on a sintered glass frit and washed with 5 mL MeCN,
10 mL Et2O, and 10 mL pentane. The solid was collected to
give 34.3 mg (51%) of [Na][2]. Spectroscopic characterization of
[Na][2] was impeded by its low solubility. Addition of aza-18-
crown-6 to a suspension of [Na][2] in MeCN yielded a dark
orange solution, [Na·a18c6][2]. This solution was then filtered
and X-ray quality crystals were obtained via vapor diffusion of
Et2O into this solution at −30 °C.

[Re(bpy-da)(Cl)2(O)][PPN] ([PPN][2])

In an N2-filled glovebox, a 20 mL scintillation vial was charged
with a stir bar and [Na][2] (34.3 mg, 0.0498 mmol). [PPN][Cl]
(27.2 mg, 0.0474 mmol) as a 2 mL solution of MeCN was then
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added. The resulting slurry was stirred for 30 minutes, during
which the colorless supernatant became dark orange. The
mixture was filtered before drying the filtrate in vacuo. 52.9 mg
of a dark orange residue, [PPN][2], resulted. (88% yield) 1H
NMR (CD3CN, 600 MHz): δ 8.09 (t, 2H, bpy-4,4′, J = 7.8 Hz),
7.97 (dd, 2H, bpy-3,3′, J = 7.7 Hz, 1.3 Hz), 7.93 (dd, 2H, bpy-
5,5′, J = 7.8 Hz, 1.4 Hz), 7.17 (tt, 4H, meta-NC6H5, J = 7.9 Hz,
1.5 Hz), 7.02 (t, 4H, ortho-NC6H5, J = 7.5 Hz), 6.98 (tt, 2H, para-
NC6H5, J = 7.4 Hz, 1.3 Hz). 13C{1H} NMR (CD3CN, 151 MHz):
δ 161.77 (s, CvO), 152.57 (s, bpy), 152.23 (s, ipso-NC6H5),
149.70 (s, bpy), 139.33 (s, bpy-4,4′), 126.74 (s, meta-NC6H5),
126.02 (s, ortho-NC6H5), 125.27 (s, bpy-3,3′), 122.83 (s, para-
NC6H5), 121.20 (s, bpy-5,5′). IR: νCO 1626 cm−1. HRMS: (ESI−)
m/z [Re(O)(Cl)2(

Phbpy-da)]− calcd for C24H16N4O3Cl2Re,
665.0157; found 665.0153. Anal. calcd for C24H16N4O3Cl2Re: C:
59.85; H: 3.85; N: 5.82. Found: C: 59.53; H: 3.77; N: 5.45.
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