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A series of low-valent rhenium phosphine complexes with the general formula [Re(dmpe)3-x(depe)x]
2þ/þ (x = 0-3), where

dmpe is 1,2-bis(dimethylphosphino)ethane and depe is 1,2-bis(diethylphosphino)ethane, were synthesized and character-
ized. The reaction of [Re(benzil)(PPh3)Cl3] with the appropriate phosphine yielded the homoleptic tris complexes [Re-
(dmpe)3]

þ and [Re(depe)3]
2þ, while the mixed-ligand complexes [Re(dmpe)2(depe)]

þ and [Re(dmpe)(depe)2]
2þ were

prepared from [Re(dmpe)2Cl2]
þ and [Re(depe)2Cl2]

þ, respectively. The oxidation state of the final product strongly depends
on the donating properties of the ligand. Each complex, however, exhibits a diffusion-controlled, reversible one-electron transfer
between ReI and ReII with formal reduction potentials, E�0, ranging from -0.09 to -0.28 V versus a ferrocene external
standard. Subsequent oxidation to ReIII was found to be chemically irreversible. UV-vis and luminescence spectro-
electrochemical techniques were used to study the spectral properties of the ReI and ReII forms. The ReII complexes are red in
color and exhibit absorption features from 350 to 600 nm; the lowest-energy transition was assigned as a σ(P) to dπ(Re)
ligand-to-metal charge-transfer (LMCT) transition. Excitation into the lowest-energy absorption band revealed rare examples of
luminescent (Φ≈ 0.07) LMCT excited states from d5 transition-metal complexes in a room temperature solution. Structural
characterization of salts of both oxidation states of [Re(dmpe)2(depe)]

2þ/þ was also performed.

Introduction

Luminescent transition-metal complexes have been investiga-
ted for many applications since the first report of luminescence

from [Ru(bpy)3]
2þ,1 which was subsequently shown to act as a

photosensitizer for the photoinduced generation of H2 and O2

fromH2O.
2Numerous applications as diverse as photocatalysts

in energy conversion schemes,3 precursors for supramolecular
photocatalysts,4 molecular probes for biomolecules,5 nonlinear
optical materials,6 molecular wires,7 and transducers in analy-
tical sensors8 have been proposed and demonstrated.
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In order to effectively utilize transition-metal complexes in
the above applications, the scope and limitations of excited-
state reagents must be defined through the characterization of
many complexes. The approach most often taken involves the
synthesis of a series of compounds in a specific metal oxidation
state with variations in the electronic properties of the coordi-
nating ligands. Spectroscopic methods are then used to probe
the microphysical changes produced in the photophysical
properties, allowing molecules to be designed with specific
properties and purposes. This approach is directly dependent
on the ability to synthesize and isolate a complex in the desired
oxidation state. In our laboratory, we have hypothesized that
many luminescent transition-metal complexes may exist in
electron configurations other than the common examples
known in the literature (e.g., d6, d8, or d10) andmay not always
be synthetically accessible. Therefore, by using spectroelectro-
chemical techniques to complement new synthetic strategies,
the spectral properties of a reversiblemetal redox couple rather
than a specific oxidation state can be investigated.
With this strategy, we discovered that the in situ electro-

generated ReII complex [Re(dmpe)3]
2þ, where dmpe is 1,2-

bis(dimethylphosphino)ethane, is emissive in a room tempera-
ture acetonitrile solution with a quantum efficiency (Φ) of
0.066,9 which is 50% greater than the metal-to-ligand charge-
transfer (MLCT) emission from [Ru(bpy)3]

2þ (Φ = 0.042).10

[Re(dmpe)3]
þ undergoes a one-electron reversible oxidation to

[Re(dmpe)3]
2þ. Upon oxidation, new absorption bands in the

visible region of the spectrum are observed and are responsible
for luminescence. The lowest-energy transition is assigned to a
spin-allowed σ(P) to dπ(Re) ligand-to-metal charge-transfer
(LMCT) excited state (λmax= 530 nm; ε=2110M-1cm-1).9

Recently reported unrestricted open-shell time-dependent den-
sity functional theory calculations for [Re(dmpe)3]

2þ and the
technetium analogue [Tc(dmpe)3]

2þ support our initial assign-
ment of the lowest-energy transition as a LMCT transition.11

Emission from [Re(dmpe)3]
2þ is unique for several reasons.

Luminescence from low-valent rhenium is dominatedby rheni-
um(I) pyridyl/polypyridyl and carbonyl-based complexes,12

although other examples of ReI coordination complexes have
exhibited photoactivity in solution.13 [Re(dmpe)3]

2þ appears
to be a rare example of a d5 transition-metal complex that
exhibits room temperature luminescence in solution. Fur-
thermore, it is one of only several examples of molecules
with luminescence originating from a LMCT excited state in

solution.14 To the best of our knowledge, the only reported
examples of luminescent d5 molecules with LMCT excited
states include [Ru(CN)6]

3- at 77 K15 and (η5-C5Me5)2Re,
which exhibits weak room temperature luminescence at 605
nm in toluene.14r Another important feature of [Re(dmpe)3]

2þ

is the highly oxidizing nature of the excited state. Del Negro et
al. established through quenching studies with a series of
substituted aromatic hydrocarbons that the excited-state po-
tential, E1/2(Re

2þ*/Reþ), was þ2.58 V vs SCE.11

In this manuscript, we have developed new synthetic
strategies to obtain low-valent rheniumphosphine complexes
with the general formula [Re(dmpe)3-x(depe)x]

2þ/þ [depe =
1,2-bis(diethylphosphino)ethane and x=0-3]. The intent is
to expand the series of luminescent ReII complexes and
investigate the scope of the electrochemical, spectroscopic,
and photophysical properties exhibited by phosphine-based
ReII complexes. Within this series of complexes, slight varia-
tions in the donor properties dictated the ultimate oxidation
state of the final product. In either case, photophysical
characterization of the d5 ReII electron configuration is
possible either by conventional techniques or by electroge-
neration in a luminescence spectroelectrochemical cell. Thus,
synthetic strategies do not initially have to target a single
oxidation state for successful characterization of their photo-
physical behavior. Given their unique spectral and excited-
state properties, there is significant potential for low-valent
rheniumphosphine complexes to be used as photocatalysts in
energy conversion schemes or chemical processes.

Experimental Section

Materials. [Re(benzil)(PPh3)Cl3],
16 [Re(dmpe)2Cl2][PF6],

17

and [Re(depe)2Cl2][PF6]
17 were prepared according to literature

methods. Ethylene glycol dimethyl ether (DME) was purchased
as anhydrous grade from Aldrich and purged with argon prior
to use. Dimethylacetamide (DMA), ferrocene, and [Ru(bpy)3-
Cl2] 3 6H2O were also obtained from Aldrich; ferrocene was
sublimed prior to use. TlPF6 was purchased from Alfa Aesar.
The ligands dmpe and depe were purchased from Strem
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Chemicals. Argon was received as industrial grade from AGA
and scrubbed of oxygen and moisture via a silica-supported
CrIII tower. Acetonitrile, methanol, and dichloromethane were
purchased from Fisher as HPLC grade and used as received
except for acetonitrile, which was distilled over CaO2 (Fisher,
certified grade). Tetraethylammonium perchlorate (TEAP;
GFS Chemicals, polarographic grade) was dried in vacuo at
60 �C for 12 h. Tetrabutylammonium hexafluorophosphate
(TBAHFP; Aldrich) was recrystallized from absolute ethanol
and dried under vacuum at 60 �C for 12 h. Ethanol was
purchased from Pharmco (200 proof, ACS/USP) and used as
received. Water was deionized to a resistivity greater than 17
MΩ 3 cm with a Barnstead B-Pure filtration unit. All other
reagents were used as purchased unless otherwise specified.

Synthesis of ReI/II Complexes. Because of the sensitivity of
dmpe and depe to oxidation, all synthetic reactions were carried
out on a Schlenk line under an inert argon atmosphere using
solvents deoxygenated by an argon purge unless otherwise noted.

[Re(dmpe)3][PF6]. [Re(benzil)(PPh3)Cl3] (0.496 g, 0.648 mmol)
was suspended in DME (10 mL) in a 50 mL three-neck, round-
bottomed flask. TlPF6 (0.747 g, 2.14 mmol) was suspended in
DME (3mL) and added to the reaction vessel. In an argon-purged
glovebag, dmpe (1 g, 7 mmol) was added to DME (3 mL). This
solution was then transferred to the reaction mixture with a
cannula. The purple mixture was refluxed for 15 h and cooled at
room temperature over 3 h. White solids were filtered from the
yellow solution and washed with DME (2 � 5 mL). The product
was dissolved in DMA (150 mL) and filtered from insoluble TlCl.
The DMA filtrate was added dropwise to a saturated aqueous
solutionofKPF6 (75mL)with stirring.The resultingwhite saltwas
filtered, washedwith distilledwater (3� 5mL), recrystallized from
aminimumofmethanol,washedwithdiethyl ether (2� 2mL), and
dried under vacuum. Yield: 0.230 g (45.5%). Anal. Calcd for
C18H48F6P7Re: C, 27.66; H, 6.19. Found: C, 27.79; H, 6.19.
Mþ

calcd 635.1711; M
þ
measd 635.1696.

Zn/Hg Amalgam.Zinc (5 g, 30 mesh) was swirled in a 250mL
Erlenmeyer flask with HCl (100 mL, 1 M) for approximately 5
min. The HCl was decanted from the zinc, and a saturated
aqueous solution of HgCl2 (50 mL) was added. Upon swirling,
the zinc was coated with a shiny layer of mercury. The solid was
filtered from the solution andwashedwith diethyl ether (30mL).

[Re(depe)3][PF6]2. [Re(benzil)(PPh3)Cl3] (0.565 g, 0.739mmol)
and a Zn/Hg amalgam (5.1 g) were suspended in 13 mL of DME
in a 50 mL three-neck, round-bottomed flask. TlPF6 (0.852 g,
2.44 mmol) was suspended in DME (5 mL) and added to the
reaction vessel. In an argon-purged glovebag, depe (1 g, 5 mmol)
was added toDME (3mL). This solution was then transferred to
the reactionmixturewith a cannula.Thedark-brownmixturewas
stirred 40 min at room temperature, then refluxed for 12.5 h, and
cooled at room temperature over 1.5 h. The black solids and
amalgamwere filtered from the brown solution and washed with
DME (3 � 2 mL). The washes were then combined with the
brown solution. A saturated aqueous solution of KPF6 (10 mL)
was added, followed by distilled water (50 mL). The resultant
brown solid was filtered from the colorless solution. The soluble
portions of the solidwere dissolved inmethylene chloride (50mL)
and filtered from the red product. The product was washed with
methylene chloride (5� 3 mL) and recrystallized by dissolving in
a minimal amount of heated acetonitrile (∼100mL), followed by
the addition of HPF6 (3 mL) and H2O2 (30%, 3 mL) and
subsequent slowcooling.Red crystals of the productwerewashed
with diethyl ether (2 � 2 mL) and dried under vacuum. Yield:
0.038 g (4.7%). Anal. Calcd for C30H72F12P8Re: C, 32.98; H,
6.58; N, 0.00. Found: C, 33.51; H, 6.28; N, 0.04. Mþ

calcd

803.3589; Mþ
measd 803.3626.

[Re(dmpe)2(depe)][PF6]. [Re(dmpe)2Cl2][PF6] (0.211 g, 0.300
mmol) was suspended in DME (5 mL) in a 50 mL three-neck,
round-bottomed flask. TlPF6 (0.349 g, 1.00 mmol) was sus-
pended in DME (1.5 mL) and added to the reaction vessel. In an

argon-purged glovebag, depe (0.31 g, 1.5 mmol) was added to
DME (1.5 mL). This solution was then transferred to the reaction
mixturewitha cannula.The yellow reactionmixturewas stirred for
1 h, refluxed for 12 h, and cooled to room temperature over 2 h to
give a white powder. The white solid was filtered from the black
solution and washed with DME (3 � 2 mL). The product was
dissolved in acetonitrile (50 mL) and filtered from insoluble TlCl.
The formation of single crystals suitable for X-ray analysis was
achieved by concentration to 20 mL with heating, followed by
the addition of 20 mL of hot distilled water and slow cooling
to room temperature. Yield: 0.093 g (38.0%). Anal. Calcd for
C22H56F6P7Re: C, 31.54; H, 6.74. Found: C, 31.66; H, 6.78.
Mþ

calcd 691.2338; M
þ
measd 691.2349.

[Re(dmpe)2(depe)][PF6]2. [Re(dmpe)2(depe)][PF6] (0.0342 g,
0.049 mmol) was dissolved in 1 mL of acetonitrile with stirring.
Aqueous HPF6 (0.5 mL) was added dropwise, producing a pink
solution. The dropwise addition of 30% hydrogen peroxide (0.8
mL) resulted in the precipitation of [Re(dmpe)2(depe)][PF6]2. The
precipitatewas then redissolved in acetonitrile (1mL), followedby
a second addition ofHPF6 (1mL) and 30%hydrogen peroxide (1
mL). The solution was filtered, and the crude product was
recrystallized in hot acetonitrile or 40% acetonitrile/water. Slow
cooling produced X-ray-quality crystals.

[Re(dmpe)(depe)2][PF6]2. [Re(depe)2Cl2][PF6] (0.187 g, 0.229
mmol) and Zn/Hg amalgam (5.4 g) were suspended in DME (5
mL) ina 50mL three-neck, round-bottomed flask. TlPF6 (0.350 g,
1.00 mmol) was suspended in DME (1.5 mL) and added to the
reaction vessel. In an argon-purged glovebag, dmpe (0.35 g, 2.3
mmol) was added to DME (1.5 mL). This solution was then
transferred to the reaction mixture with a cannula. The yellow-
green solution was stirred for 45 min at room temperature,
refluxed for 12.5 h, and cooled to room temperature over 1.5 h.
The gray solids and amalgam were filtered from the yellow
solution andwashedwithDME (3� 2mL). The solid was further
triturated with DME (3 � 1 mL), and all DME solutions were
combined. The solution was held at room temperature for 3 h,
duringwhich time it becamepink.A saturated aqueous solutionof
KPF6 was added to the DME solution to precipitate the product.
Recrystallization from warm acetonitrile (approximately 50 mL)
with the addition of water (25 mL) afforded crystals of the red
product, which were washed with diethyl ether (2 � 2 mL) and
dried in vacuo. Yield: 0.163 g (68.0%). Anal. Calcd for C26H64-
F12P8Re: C, 30.06; H, 6.21. Found: C, 30.26; H, 6.54. Mþ

calcd

747.2964; Mþ
measd 747.2979.

Instrumentation and Methods. Mass Spectrometry. Mass
spectra were recorded at theMass Spectrometry and Proteomics
Facility at The Ohio State University. An accurate mass deter-
mination for each of the four complexes was completed using a
Waters Micromass LCT time-of-flight liquid chromatograph/
electrospray mass spectrometer. All spectra were collected in
acetonitrile.

Electrochemistry. Conventional electrochemical measure-
ments were carried out in a specially designed Innovative Tech-
nologies, Inc., glovebox equipped with a sealed LEMO feed-
through connector [Bioanalytical Systems, Inc. (BAS), EW-
7524] mounted in the back wall. This connector allowed facile
connection to an external BAS 100B/W electrochemical analyzer
and an internal cable to the electrochemical cell. A three-electrode
configuration was utilized, consisting of a platinum working
electrode (BAS model MF-2013), a platinum wire auxiliary
electrode, and an acetonitrile-based Ag/AgNO3 (0.01 M) refer-
ence electrode (BASmodelMF-2062). Electrochemical data were
collected in acetonitrile for 1 mM solutions of [Re(dmpe)3][PF6],
[Re(dmpe)2(depe)][PF6], and [Re(dmpe)(depe)2][PF6]2 with three
different electrolyte systems: 0.1 M TBAHFP, 0.1 M TEAP, and
0.01 M TEAP. [Re(depe)3][PF6]2 was only sufficiently soluble
(1 mM) in 0.01 M TEAP. Ferrocene was also run in parallel in
each electrolyte solution as an external reference standard. All
potentials for the ReIII/II and ReII/I redox couples from cyclic
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voltammetry measurements are reported versus the ferrocene
redox system.

Absorption Spectroelectrochemistry. Measurements were car-
ried out with a gold optically transparent thin-layer electrode
(OTTLE) as the working electrode.18 The only modification to the
reported cell designwas theuse ofVarianTorrResinSealant instead
of epoxydue to solubility differences in acetonitrile.AVarianCary 5
UV-vis-NIR spectrophotometer in dual-beammodewas used for
allmeasurements.AnOTTLEcell, identical to theworkingelectrode
and filled with acetonitrile, was used in the spectrophotometer
reference compartment. Potentials were controlled with a BAS
CV-27 potentiostat and monitored with a Keithley model 197A
digital multimeter. An electrolysis time of 4 min at each potential
step was found to be sufficient to attain equilibrium values for
[O]/[R] for both [Re(dmpe)3][PF6] and [Re(dmpe)(depe)2][PF6]2.
[Re(dmpe)2(depe)][PF6] required a 5 min electrolysis time. The
concentrationofall sampleswas1mMina0.1MTEAP/acetonitrile
solution. [Re(depe)3][PF6]2 was not sufficiently soluble to perform
spectroelectrochemical measurements.

Luminescence Spectroscopy. Luminescence measurements
were conducted with an Aminco-Bowman Series 2 (SLM Instru-
ments, Inc.) spectrophotometer. Where required, a Corning glass
filter no. 0-52 (Esco Products, Inc.) was used to eliminate lamp
artifacts. Room temperature measurements were conducted for
[Re(dmpe)(depe)2][PF6]2 in acetonitrile at a concentration of 0.14
mM. [Re(depe)3][PF6]2 was not sufficiently soluble to make a
solution of known concentration; thus, studies were carried out
on a saturated solution.A 2.8� 10-6M solution of [Ru(bpy)3Cl2] 3
6H2O in distilled, deionized water was used as the standard for
determination of the quantum yield (Φ) for [Re(dmpe)(depe)2]-
[PF6]2.

10 Both the analyte and reference were absorbance matched
and excited at 436 nm in order to simplify the analysis. All solutions
were deoxygenated by three freeze-pump-thaw cycles prior to
analysis. Luminescence measurements at 77 Kwere performed in a
specially fashioned Dewar with a 1-cm-diameter quartz tip. The
sampleswere dissolved in 4:1 ethanol/methanol and transferred to a
standard NMR tube for freezing. The concentrations used for
[Re(dmpe)3]

2þ and [Re(dmpe)(depe)2]
2þ were 1.9 and 0.15 mM,

respectively.
A long-optical-path luminescence spectroelectrochemical

cell19,20 was used to examine luminescence of the ReII form of
[Re(dmpe)3][PF6] and [Re(dmpe)2(depe)][PF6]. The ReII com-
plexes were generated by application of a potential step suffi-
cient to quantitatively oxidize the ReI form of the complex to
ReII. Spectrawere recorded after controlled potential electrolysis
for 25 min to completely generate the ReII complexes. The
quantum yield was determined by absorbance matching (0.04
au) the rhenium complex in acetonitrile and [Ru(bpy)3Cl2] 3
6H2O in distilled deionized water and exciting both at 417 nm.
All solutions were deoxygenated for 15 min with argon.

X-rayMeasurements. [Re(dmpe)2(depe)][PF6] and [Re(dmpe)2-
(depe)][PF6]2. Data for a colorless crystal of [Re(dmpe)2(depe)]-
[PF6] (0.32 � 0.28 � 0.12 mm) and a red crystal of [Re(dmpe)2-
(depe)][PF6]2 (0.1� 0.1� 0.04mm) were collectedwith a SMART
Platform diffractometer equipped with graphite-monochromated
MoKR radiation and a 1KCCD area detector. The intensity data
were corrected for absorption using SADABS.21 The structure was
solved and refined using SHELXTL, version 5.10.22

While the crystal lattice of [Re(dmpe)2(depe)][PF6] contains
solely anions and cations in a 1:1 ratio, the solid-state structure
of [Re(dmpe)2(depe)][PF6]2 crystallizedwith anadditional aceto-
nitrilemolecule in the lattice with a cation/anion/solvent ratio of
1:2:1. Both structures are severely disordered. In the crystal

lattice of [Re(dmpe)2(depe)][PF6], the cation shows a rare case of
total molecular disorder, with theΛ andΔ isomers of [Re(dmpe)2-
(depe)]þ occupying the same crystallographic position in a ratio of
45:55. Additionally, each of the four in-plane fluorine atoms of the
[PF6]

- counterion has been refined over two positions, with the
other two fluorine atoms not being disordered. The severe disorder
of the cation in the crystal structure of [Re(dmpe)2(depe)]-
[PF6]2 3CH3CN has been modeled with one phosphorus atom and
all but four carbon atoms of the two dmpe ligands disordered over
two positions. Furthermore, one of the two crystallographically
independent [PF6]

- ions is best describedas a set of three octahedra,
while the model for the other [PF6]

- contains three positions for
each of the four in-plane fluorine atoms. Thus, the final refinements
included anisotropic atomic displacement factors for all atoms that
were not disordered and isotropic atomic displacement factors for
all other non-hydrogen atoms. The final full-matrix least-squares
refinements included the hydrogen atoms as “riding” atoms on
calculated positions and converged to R1 = 3.34% (F, observed
data) and wR2= 8.95% (F2, all data) for [Re(dmpe)2(depe)][PF6]
and R1 = 5.59% (F, observed data) and wR2 = 13.84% (F2, all
data) for [Re(dmpe)2(depe)][PF6]2 3CH3CN. Further details of the
refinements are given in Table 1.

Results and Discussion

Synthesis and Characterization. The initial synthetic
route to prepare [Re(dmpe)3]

þ was reported by Deutsch
et al.23 and involved a two-step reduction-substitution
procedure via high-temperature, high-pressure bomb re-
actions starting with [ReO4]

-. Subsequently, an alterna-
tive route was developed that allowed the direct synthesis
of [Re(dmpe)3]

þ from either of the ReV precursors [ReO2-
(Py)4]

þ or [ReOCl2(OEt)(PPh3)2] (Py = pyridine, Et =
C2H5, Ph = C6H5), with excess dmpe and a thiophenol
catalyst.24 The latter approach eliminated the need for
thebombreactor and simplified theoverall synthesis.Given
the unique photophysical properties of [Re(dmpe)3]

þ and
the interest in potential medical applications of radio-
pharmaceutical analogues of technetium and rhenium,25

Table 1. Crystallographic Data and Structure Refinement Parameters for
[Re(dmpe)2(depe)][PF6] and [Re(dmpe)2(depe)][PF6]2 3CH3CN

[Re(dmpe)2-
(depe)][PF6]

[Re(dmpe)2(depe)]-
[PF6]2 3CH3CN

formula C22H56F6P7Re C24H59F12NP8Re
fw, g mol-1 837.66 1023.68
space group P2(1)/n P1
a, Å 10.2719(10) 10.8891(9)
b, Å 21.078(2) 11.3233(9)
c, Å 15.7963(16) 19.400(3)
R, deg 73.211(7)
β, deg 100.194(2) 79.304(7)
γ, deg 64.972(3)
V, Å3 3366.1(6) 2069.5(4)
Z 4 2
Dcalcd, g cm-3 1.653 1.643
T, K 294(2) 293(2)
λ, Å 0.71073 0.71073
μ, mm-1 3.989 3.318
data/restraints/param 9094/0/298 9912/0/436
R1/wR2 [I0 > 2σ(Ι)] 0.0334/0.0831 0.0559/0.1216
R1/wR2 (all data) 0.0458/0.0895 0.1001/0.1384

(18) DeAngelis, T. P.; Heineman,W.R. J. Chem. Educ. 1976, 53, 594–597.
(19) Lee, Y. F.; Kirchhoff, J. R. Anal. Chem. 1993, 65, 3430–3434.
(20) Kirchhoff, J. R. Curr. Sep. 1997, 16:1, 11–14.
(21) Sheldrick, G. M. SADABS; University of G€ottingen: G€ottingen,

Germany, 1996.
(22) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112–122.

(23) Deutsch, E.; Libson, K.; Vanderheyden., J.-L.; Ketring, A. R.;
Maxon, H. R. Nucl. Med. Biol. 1986, 13, 465–477.

(24) Chang, L.; Deutsch, E. Inorg. Synth. 1997, 31, 253–256.
(25) (a) Garcia, R.; Paulo, A.; Santos, I. Inorg. Chim. Acta 2009, 362,

4315–4327. (b) Ferro-Flores, G.; de Murphy, C. A. Adv. Drug Delivery Rev.
2008, 60, 1389–1401. (c) Santos, I.; Paulo, A.; Correis, J. D. G. Top. Curr. Chem
2005, 252, 45–84.
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it is important to have facile procedures for the synthesis
of low-valent rhenium complexes with phosphine-based
ligands.
The synthetic approach developed in this work was

motivated by the report by Helberg et al. for the synthesis
of [Re(bpy)3][PF6]2.

26 It was logically deduced that a
similar synthesis of complexes of ReI or ReII with phos-
phine ligands would be highly successful because of the
greater ability of phosphine ligands to stabilize low-valent
rhenium relative to R,R0-diimine ligands. Thus, the synth-
esis of the homoleptic tris complexes [Re(dmpe)3]

þ and
[Re(depe)3]

þ utilized the versatile ReIII starting material
[Re(benzil)(PPh3)Cl3], Tl

þ as a chloride ion scavenger, and
dmpe or depe (in excess) as both the phosphine ligand and
reductant. The synthesis with dmpe yielded the ReI com-
plex [Re(dmpe)3][PF6] with an overall yield of 45.5%,
which is acceptable compared to the previously published
yields (cf. 70%23 and ∼50%24). In contrast, when the
phosphine was depe, a Zn/Hg amalgam was required to
aid in the reduction of the rhenium and resulted in isolation
of the ReII complex [Re(depe)3][PF6]2 with a yield of only
4.7%. The analogous bomb reaction was carried out for
depe and resulted in a comparable yield of 4.5%.
The synthesis of new mixed-ligand phosphine com-

plexes via the bomb reaction method results in a compli-
cated mixture, which would require tedious separation
steps and result in dramatically reduced yields. Following
a strategy similar to that above, mixed-ligand complexes
were readily prepared starting from [Re(dmpe)2Cl2][PF6]
and [Re(depe)2Cl2][PF6] by the addition of an excess of
the other phosphine. [Re(dmpe)2(depe)][PF6] and [Re-
(dmpe)(depe)2][PF6]2 were isolated as the ReI and ReII

complexes, respectively. In the case of the bis(depe)
complex, a Zn/Hg amalgam was used to assist reduc-
tion and was found to improve the yield in excess of 30%.
For each of the complexes, the mass spectrum and
elemental analysis confirmed their identity. Furthermore,
the molecular ion peak in the mass spectra contained
the characteristic signature of the rhenium 185 and 187
isotopes with an expected abundance ratio of appro-
ximately 2:3.

Structural Characterization of [Re(dmpe)2(depe)][PF6]
and [Re(dmpe)2(depe)][PF6]2 3CH3CN. ORTEP diagrams
of [Re(dmpe)2(depe)]

þ and [Re(dmpe)2(depe)]
2þ are

shown in Figure 1. Table 1 summarizes the crystallo-
graphic data and structural refinement parameters for the
crystal structures of both complexes, while Table 2 pre-
sents selected bond lengths and angles.
The local coordination geometry around the rhenium

metal center is characterized as a distorted octahedron with
sixRe-Pbonds inboth structures.TheaverageRe-Pbond
lengths for the ReI and ReII complexes are 2.393 ( 0.016
and 2.456( 0.019 Å, respectively. The shorter length of the
ReI-P bond relative to that of the ReII complex is likely a
result of the higher degree of π-back-bonding in the more
electron-rich ReI form. This result is consistent with prior

Figure 1. ORTEPdiagramsof (a) [Re(dmpe)2(depe)]
þ and (b) [Re(dmpe)2(depe)]

2þ cations. Carbonatoms are shown as 20%probability ellipsoids,while
the rhenium and phosphorus atoms are shown at 50%.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for [Re(dmpe)2(depe)][PF6]
and [Re(dmpe)2(depe)][PF6]2 3CH3CN

[Re(dmpe)2(depe)][PF6] [Re(dmpe)2(depe)][PF6]2 3CH3CN

Re(1)-P(1) 2.4027(10) Re(1)-P(1) 2.467(2)
Re(1)-P(2) 2.4078(11) Re(1)-P(2) 2.4676(19)
Re(1)-P(3) 2.3875(11) Re(1)-P(3) 2.460(2)
Re(1)-P(4) 2.3878(12) Re(1)-P(4A) 2.422(5)
Re(1)-P(5) 2.3816(11) Re(1)-P(4B) 2.481(6)
Re(1)-P(6A) 2.414(2) Re(1)-P(5) 2.445(2)
Re(1)-P(6B) 2.367(3) Re(1)-P(6) 2.451(2)

P(1)-Re(1)-P(2) 81.29(4) P(1)-Re(1)-P(2) 80.93(6)
P(3)-Re(1)-P(6A) 79.73(6) P(4A)-Re(1)-P(5) 77.98(15)
P(5)-Re(1)-P(4) 85.69(5) P(5)-Re(1)-P(4B) 84.98(15)
P(6B)-Re(1)-P(5) 79.17(8) P(6)-Re(1)-P(3) 80.94(8)
P(3)-Re(1)-P(4) 86.92(5)

P(1)-Re(1)-P(6A) 170.78(6) P(3)-Re(1)-P(4B) 173.17(15)
P(4)-Re(1)-P(2) 175.36(4) P(4A)-Re(1)-P(3) 163.96(15)
P(5)-Re(1)-P(3) 170.53(5) P(5)-Re(1)-P(2) 171.60(7)
P(6B)-Re(1)-P(1) 168.25(7) P(6)-Re(1)-P(1) 172.51(7)

P(2)-Re(1)-P(6A) 91.39(6) P(1)-Re(1)-P(4B) 90.10(15)
P(3)-Re(1)-P(1) 94.98(4) P(2)-Re(1)-P(4B) 91.95(14)
P(3)-Re(1)-P(2) 93.09(5) P(3)-Re(1)-P(1) 96.11(7)
P(4)-Re(1)-P(1) 94.08(4) P(3)-Re(1)-P(2) 91.84(7)
P(4)-Re(1)-P(6A) 93.17(6) P(4A)-Re(1)-P(1) 96.61(14)
P(5)-Re(1)-P(1) 91.45(4) P(4A)-Re(1)-P(2) 99.78(14)
P(5)-Re(1)-P(2) 94.76(5) P(4A)-Re(1)-P(6) 87.54(14)
P(5)-Re(1)-P(6A) 94.77(6) P(5)-Re(1)-P(1) 91.25(8)
P(6B)-Re(1)-P(2) 92.37(7) P(5)-Re(1)-P(3) 92.02(8)
P(6B)-Re(1)-P(3) 95.23(8) P(5)-Re(1)-P(6) 95.73(8)
P(6B)-Re(1)-P(4) 92.25(8) P(6)-Re(1)-P(2) 92.24(7)
P(3)-Re(1)-P(4) 86.92(5) P(6)-Re(1)-P(4B) 93.23(15)

(26) Helberg, L. E.; Orth, S. D.; Sabat, M.; Harman, W. D. Inorg. Chem.
1996, 35, 5584–5594.



3862 Inorganic Chemistry, Vol. 49, No. 8, 2010 Messersmith et al.

EXAFS results for Re-P bond distances in [Re(dmpe)3]
þ

[2.387(10) Å] and [Re(dmpe)3]
2þ [2.441(10) Å].27 The

means of the comparative bond angles about the metal
centers are similar for both structures. The average diphos-
phine P-Re-P bite angles for [Re(dmpe)2(depe)]

þ and
[Re(dmpe)2(depe)]

2þ are 82.56� ( 3.53 and 81.21� ( 2.88,
respectively. The average trans-phosphine angles are
171.23� ( 2.98 and 170.31� ( 4.28, while the average cis-
phosphine angles are 92.87� ( 2.32 and 93.20� ( 3.32.
Related structures with the Re-P6 core are scarce in

the literature. The structure of [Re(dppm)3]
þ, where dppm

is 1,2-bis(diphenylphosphino)methane, was reported as
both the perrhenate28 and iodide29 salts and had Re-P
bond lengths ranging from 2.408(3) to 2.473(3) Å and from
2.400(2) to 2.467(2) Å, respectively. By comparison, these
are slightly longer than those observed for [Re(dmpe)2-
(depe)]þ. The average P-Re-P bite angles (69.16� ( 0.91
and 68.66� ( 0.57) are significantly smaller owing to the
shorter methylene bridge between the chelating phospho-
rus atoms. The closely related manganese analogue [Mn-
(dmpe)3]

þ exhibits a highly symmetrical Mn-P6 core and
crystallizes in space group P31c.30 The Mn-P bond dis-
tances are on average 0.1 Å shorter than those for [Re-
(dmpe)2(depe)]

þ, while the comparable angles are essen-
tially the same. Zero-valent complexes of the type
[M(dmpe)3], where M = Cr, Mo, W, V, Nb, and Ta, are
also known.31 These tris(dmpe) complexes were assigned to
the cubic space group Im3m, showing a roughly octahedral
orientation of the M-P6 core.
The structural refinements for [Re(dmpe)2(depe)][PF6]

and [Re(dmpe)2(depe)][PF6]2 3CH3CN showed good
agreement between the data and the models [R1, I >
2σ(I) = 3.34% for ReI and 5.59% for ReII]. Both models
revealed a high degree of disorder within the crystals.
[Re(dmpe)2(depe)][PF6] was found to contain two pro-
peller-like isomeric forms of the cation disordered over
the same crystallographic position and disordered [PF6]

-

moieties. The Λ and Δ isomers of the complex are shown
inFigure 2without the nonbridging carbon atoms. Space-
filling models of each isomer illustrated the globular
nature of both isomers. The similarity of the electron
distribution on the surface of the molecules results in the
possibility of cocrystallization of the two isomers. Unlike
the analogous ReI complex, [Re(dmpe)2(depe)][PF6]2 3
CH3CN crystallized with only one isomer present in the
crystal, with two counterions for every cation occupying
spaces formed in the gaps of the propellers of the complex.

Electrochemical Characterization. Table 3 summarizes
the electrochemical data obtained from cyclic voltamme-
try studies in an acetonitrile solution. Three different
supporting electrolyte solutions were examined for com-

parative purposes: 0.1 M TBAHFP, 0.1 M TEAP, and
0.01 M TEAP. [Re(depe)3]

2þ was not soluble to a great
enough degree in a 0.1 M solution of either TBAHFP or
TEAP. Thus, a third study with 0.01 M TEAP was com-
pleted in order to obtain quantifiable results for this
complex in comparison to the other complexes.
The voltammetric behavior for the [Re(dmpe)3-x-

(depe)
x
]2þ/þ complexes is the same in all three solvent-

supporting electrolyte solutions. The voltammograms for
[Re(dmpe)2(depe)]

þ and [Re(dmpe)(depe)2]
2þ in 0.1 M

TBAHFP/acetonitrile are representative of the group and
will be described in detail. Figure 3 depicts the cyclic vol-
tammetric results for [Re(dmpe)2(depe)]

þ at 100 mV s-1.
A scan initiated at -1.00 V in the positive direction
exhibits two oxidation peaks at-0.13 andþ0.82V.Upon
reversal of the scan, the corresponding reduction waves
were observed at þ0.69 and -0.20 V, with the reduction
peak currents (ipc) smaller in magnitude than the oxida-
tion peak currents (ipa).When the scan limits are confined
to-0.60 toþ0.40 V, the ratio of the peak currents (ipc/ipa)
for the first redox couple (E�0 =-0.16) is essentially unity
(1.01). The peak currents for this redox couple are linearly
proportional to the square root of the scan rate as defined
by the Randles-Sevcik equation, E�0 is independent
of the scan rate, and the peak-to-peak separation (ΔEp)

Figure 2. Wire diagrams of the (a)Λ and (b)Δ propeller-like isomers of
[Re(dmpe)2(depe)]

þ, which are both present in the crystal lattice. Non-
bridging carbon atoms have been removed to simplify the models.

Table 3. Summary of the Electrochemical and Spectroelectrochemical Redox
Data for the [Re(dmpe)3-x(depe)x]

2þ/þ (x = 0-3) Complexes

E�0,a,b V E�0,a,c V E�0,a,d V E�0,e V ne

ReII/I

[Re(dmpe)3]
þ -0.11 -0.11 -0.09 -0.02 1.02

[Re(dmpe)2(depe)]
þ -0.16 -0.16 -0.15 -0.08 0.96

[Re(dmpe)(depe)2]
2þ -0.23 -0.23 -0.22 -0.14 1.19

[Re(depe)3]
2þ f f -0.28 f f

ReIII/II

[Re(dmpe)3]
þ þ0.78 þ0.77 þ0.80

[Re(dmpe)2(depe)]
þ þ0.75 þ0.73 þ0.76

[Re(dmpe)(depe)2]
2þ þ0.71 þ0.69 þ0.72

[Re(depe)3]
2þ f f þ0.68

a E�0 = (Ep,a þ Ep,c)/2 from cyclic voltammetry at 100 mV s-1 in
acetonitrile solutions. Concentrations were 1 mM for all complexes
except [Re(depe)3]

2þ. Potentials were determined versus Ag/AgNO3

(0.01M) nonaqueous (acetonitrile) reference electrode and are reported
as volts versus a ferrocene external standard. b In 0.1 M TBAHFP. c In
0.1 M TEAP. d In 0.01 M TEAP. eSpectropotentiostatic determination
in 0.1 M TEAP/acetonitrile. The potential was reported versus Ag/
AgNO3 (0.01 M) nonaqueous (acetonitrile) reference electrode. n is the
number of electrons transferred. fNot determined because of the low
solubility in this medium.

(27) Libson, K.; Woods, M.; Sullivan, J. C.; Watkins, J. W., II; Elder, R.
C.; Deutsch, E. Inorg. Chem. 1988, 27, 999–1003.

(28) Whitmire, K. H.; Derringer, D. R.; Kongkasuwan, K. R. Acta
Crystallogr. 2002, E58, m363–m365.

(29) Rivero, M.; Kremer, C.; Gancheff, J.; Kremer, E.; Suescun, L.;
Mombru, A.; Mariezcurrena, R.; Dominguez, S.; Mederos, A.; Midollini, S.
Polyhedron 2000, 19, 2249–2254.

(30) Toupadakis, A.; Scott, B. L.; Kubas,G. J. J. Chem. Crystallogr. 2004,
34, 245–248.

(31) (a) Cloke, F. G. N.; Fyne, P. J.; Green, M. L. H.; Ledoux, M. J.
J. Organomet. Chem. 1980, 198, C69–C71. (b) Cloke, F. G. N.; Fyne, P. J.;
Gibson, V. C.; Green, M. L. H.; Ledoux, M. J.; Perutz, R. J. Organomet. Chem.
1984, 277, 61–73.
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is 66 mV for Figure 3, which for inorganic systems is in
reasonable agreement with the value of 59 mV for a one-
electron reversible couple, as predicted by the Nernst
equation. On the basis of these observations, the first redox
couple was found to be reversible by all standardNernstian
criteria32 and is assigned to the one-electron oxidation of
ReI to ReII. The second oxidation wave is assigned as the
oxidation of the electrogenerated ReII complex to ReIII.
When the potential is cycled between -1.00 and þ1.50 V,
ipc/ipa values for the ReII/I and ReIII/II redox couples are
significantly less than 1. This indicates that oxidation to
ReIII is irreversible and results in a loss of the electroactive
species for the reverse scan from þ1.50 to -1.00 V.
The cyclic voltammograms for [Re(dmpe)(depe)2]

2þ

are shown in Figure 4. In this case, the scan was initiated
atþ0.02 V in the negative potential direction and resulted
in the one-electron reduction of ReII to ReI at -0.26 V.
After the potential was switched at-1.50 V, the reoxida-
tion toReII was observed at-0.19 V, completing the one-
electron reversible electron transfer with ipc/ipa equal to
1.03 and peak currents proportional to the square root of
the scan rate. As was the case with [Re(dmpe)2(depe)]

þ,
oxidation to ReIII was observed at þ0.78 V, followed by
the reduction back to ReII atþ0.62 V on the reverse scan

with ipc reduced relative to ipa. This reveals a loss of
reversibility similar to that of [Re(dmpe)2(depe)]

þ. The
voltammetric behavior for both mixed-ligand complexes
is consistent with that previously reported for [Re-
(dmpe)3]

þ, which was attributed to decomposition of
the ReIII-generated species, leading to some degree of
chemical irreversibility.33

Figure 5 shows plots of the redox potentials of theReII/I

and ReIII/II redox couples as a function of the number of
depe ligands. A clear trend is established, regardless of the
solvent and supporting electrolyte system, that indicates
that the potentials for the ReII/I and ReIII/II couples shift
in a linear fashion to more negative potentials as the
number of bound depe ligands is increased. This can be
rationalized by the slightly greater σ-donor ability of
having ethyl rather than methyl substituents on the
phosphine ligands. In effect, as the weaker π acid ligand
is added, the metal center is more easily oxidized, as
signified by a more negative potential for the redox
couple.34 This result is also consistent with the synthetic
results; i.e., the syntheses of the bis(depe) and tris(depe)
compounds favor the formation of ReII complexes
whereas syntheses of the bis(dmpe) and tris(dmpe) com-
pounds yield ReI complexes. Furthermore, the addition
of a Zn/Hg amalgam was beneficial to aiding in the
reduction and achieving higher yields of the bis(depe)
and tris(depe) ReII complexes.

Figure 4. Cyclic voltammograms of 1 mM [Re(dmpe)(depe)2]
2þ in

0.1 M TBAHFP/acetonitrile at a platinum disk electrode: (---) negative
potential scan between an initial/final potential of þ0.40 V with a
switching potential of -0.80 V; (;) negative potential scan between an
initial/final potential ofþ0.02Vwith switchingpotentials of(1.50V.The
scan rate is 100 mV s-1.

Figure 3. Cyclic voltammograms of 1mM[Re(dmpe)2(depe)]
þ in 0.1M

TBAHFP/acetonitrile at a platinum disk electrode: (- - -) positive poten-
tial scan between an initial/final potential of -0.60 V with a switching
potential of þ0.40 V; (;) positive potential scan between an initial/final
potential of-1.00Vwith a switchingpotential ofþ1.50V.The scan rate is
100 mV s-1.

Figure 5. Plot of E�0 (vs ferrocene external standard) from cyclic
voltammetry for the (a) ReII/I and (b) ReIII/II redox couples versus the
number of depe ligands in each complex. The 0.1MTBAHPF and 0.1M
TEAP lines in part a are essentially superimposed.

(32) Laboratory Techniques in Electroanalytical Chemistry; Kissinger, P. T.,
Heineman, W. R., Eds.; Marcel Dekker: New York, 1984.

(33) Kirchhoff, J. R.; Allen, M. R.; Cheesman, B. V.; Okamoto, K.-I.;
Heineman, W. R.; Deutsch, E. Inorg. Chim. Acta 1997, 262, 195–202.

(34) Kirchhoff, J. R.; Heineman, W. R.; Deutsch, E. Inorg. Chem. 1987,
26, 3108–3113.
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Absorption Spectroelectrochemistry. Absorption spec-
troelectrochemistry is a very useful technique to character-
ize the reversible ReII/I redox couple of the [Re(dmpe)3-x-
(depe)x]

2þ/þ complexes because either oxidation state can
be isolated depending on the targeted ligand set. When the
ReI form is obtained, the isolated complexes are colorless in
comparison to the red color of the ReII form. Spectro-
electrochemistry was also valuable to determine the stabi-
lity of the two oxidation states and the absence of any other
rhenium species in solution.
Figure 6 depicts the spectropotentiostatic oxidation of

1 mM [Re(dmpe)2(depe)]
þ in 0.1 M TEAP/acetonitrile,

which serves as a representative example for all of the
[Re(dmpe)3-x(depe)x]

2þ/þ complexes. In this experiment,
the potential was gradually stepped from -0.20 to þ0.01
V to illustrate the spectral changes during the conversion
of the fully reduced form to the fully oxidized form, i.e.,
ReI to ReII. The spectrum of the ReII species exhibits an
absorption maximum at 525 nm (spectrum F), while the
colorless ReI species has absorption maxima at 222 and
254 nm. A clear isosbestic point is observed at 320 nm,
indicating clean interconversion between the two redox
states. A Nernst plot, Eapp vs log([O]/[R]), is linear and
yields E�0 = -0.082 V and n = 0.96, confirming a one-
electron-transfer process.
Absorption spectroelectrochemical data for all four

complexes are summarized in Tables 3 and 4 and are
consistent with the absorption behavior previously re-
ported for [Re(dmpe)3]

þ.9 The electrochemical data are
also internally consistent with the results from the cyclic
voltammetry experiments in 0.1 M TEAP/acetonitrile vs

the Ag/AgNO3 (0.01 M) pseudo reference electrode.
Table 4 shows that the absorption maxima for ReI and
ReII species do not vary to a measurable degree with the
change in the ligand system. Larger variations in the
electronic properties of the ligand would likely result in
more dramatic changes in the absorption spectrum.

Luminescence. The excited-state properties of [Re-
(dmpe)3]

2þ were previously investigated in detail.9,11

The lowest-energy absorption band, which is responsible
for the luminescence, was described as a spin-allowed
doublet-doublet LMCT transition from σ(P) to dπ(Re).
This conclusion was based on the relatively high molar
absorptivity for the absorption at 530 nm (ε=2110M-1

cm-1), a radiative rate constant of 106 s-1, and an emis-
sion that was independent of the excitation wavelength.
The emission from the newly synthesized [Re(dmpe)3-x-
(depe)x]

2þ/þ complexes is attributed to the same type of
LMCT state.
Steady-state excitation and emission measurements

were obtained in an acetonitrile solution for the ReII

complexes [Re(dmpe)(depe)2]
2þ and [Re(depe)3]

2þ. [Re-
(dmpe)3]

2þ and [Re(dmpe)2(depe)]
2þ were generated in

situ and the emission properties measured with a lumines-
cence spectroelectrochemical cell. Figure 7 shows the
corrected excitation and emission spectra of [Re(dmpe)-
(depe)2]

2þ, which are typical for all of the complexes.
The emission properties for the entire [Re(dmpe)3-x-
(depe)x]

2þ/þ series are summarized in Table 5. As was
previously observed for [Re(dmpe)3]

2þ,9 the emissionmaxi-
mum for all complexes was independent of the excitation
wavelength, with the intensity directly dependent on the

Figure 6. Sequential absorption spectra from 200 to 600 nm obtained
during the spectropotentiostatic oxidation of 1 mM [Re(dmpe)2(depe)]

þ

in 0.1MTEAP/acetonitrile. Applied potentials in V vs Ag/AgNO3 are as
follows: (a) -0.20; (b) -0.11; (c) -0.08; (d) -0.05; (e) -0.02; (f) þ0.01.
Inset: Expanded view of the visible absorption features from 350 to
600 nm.

Table 4. Summary of the Absorption Properties for the [Re(dmpe)3-x(depe)x]
2þ/þ

(x = 0-3) Complexesa

λmax, nm

ReI ReII λiso, nm

[Re(dmpe)3]
2þ/þ 221, 252 528 320

[Re(dmpe)2(depe)]
2þ/þ 222, 254 525 320

[Re(dmpe)(depe)2]
2þ/þ 219, 252 530 330, 355

[Re(depe)3]
2þ/þ b 533 b

aDetermined by spectroelectrochemical measurements in 0.1 M
TEAP/acetonitrile. bNot determined because of low solubility.

Figure 7. Corrected (a) excitation (λem = 600 nm; bandpass, 4 nm;
PMT, 780 V) and (b) emission (λex = 530 nm; bandpass, 4 nm; PMT,
700 V) spectra of 0.13 mM [Re(dmpe)(depe)2]

2þ in acetonitrile at room
temperature. Excitation spectrum obtained with a Corning no. 0-52 glass
filter placed between the sample and emission monochromator.

Table 5. Summary of the Emission Properties for the [Re(dmpe)3-x(depe)x]
2þ

(x = 0-3) Complexes

λmax,
a nm Φ λmax,

b nm

[Re(dmpe)3]
2þ 604c 0.076 594

[Re(dmpe)2(depe)]
2þ 608c 0.067 d

[Re(dmpe)(depe)2]
2þ 608 0.066 602

[Re(depe)3]
2þ 610 e e

aCorrected emission maximum at room temperature in deoxyge-
nated acetonitrile. bCorrected emission maximum at 77 K in deoxyge-
nated 4:1 ethanol/methanol. cCorrected emission maximum after
spectropotentiostatic oxidation in 0.1 M TEAP/acetonitrile. dReII was
only generated in situ in the spectroelectrochemical cell. eCompound
not sufficiently soluble for accurate determination.
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molar absorptivity at the exciting wavelength, indicating
that emission occurs solely from the lowest excited state
(530 nm). The quantum efficiency of the emission of
[Re(dmpe)(depe)2]

2þ inFigure7wasdetermined tobe0.066.
The quantum efficiencies are essentially the same for all
complexes and consistent with the previously reported value
for [Re(dmpe)3]

2þ generated in situ in the luminescence
spectroelectrochemical cell.9 Φ for [Re(depe)3]

2þ could not
be accurately determinedbecause of the low solubility of this
complex in acetonitrile. The excitation spectrum for each
complex paralleled its absorption spectrum.
The ReII form of the tris(dmpe) complex was obtained

by oxidation of the ReI form with hydrogen peroxide
and HPF6. The emission of [Re(dmpe)(depe)2]

2þ and [Re-
(dmpe)3]

2þ was then measured at 77 K. Figure 8 shows the
emission and excitation spectra of [Re(dmpe)(depe)2]

2þ in a
4:1 ethanol/methanol glass. The spectra are similar to those
obtained in the luminescence spectroelectrochemical study
of [Re(dmpe)3]

2þ and the steady-state luminescence spectra
of [Re(dmpe)(depe)2]

2þ. The emission peak shows a small
rigidochromic effect in both complexes; the emission maxi-
mum for [Re(dmpe)3]

2þ changed from 604 nm in room tem-
perature acetonitrile to 594 nm at 77 K, while the maximum

for [Re(dmpe)(depe)2]
2þ shifted from 608 nm in room tem-

perature acetonitrile to 602 nm at 77 K. Excitation spectra
for [Re(dmpe)3]

2þ and [Re(dmpe)(depe)2]
2þ at 77 K were

very similar to those acquired in room temperature acetoni-
trile.

Conclusions

Anew synthetic approach for the preparation of low-valent
rhenium phosphine complexes with the general formula [Re-
(dmpe)3-x(depe)x]

2þ/þ (x=0-3) has been described, and the
electrochemical and spectroscopic properties of the ReI and
ReII oxidation states have been characterized. The final
oxidation state is strongly influenced by the electron-donating
properties of the phosphine ligand or ligand combination used
in the synthesis. Stronger electron donors favored ReI forma-
tion, while more π-acidic phosphine ligands favored ReII

formation. In each case, a reversible one-electron transfer is
observed for the ReII/I redox couple, which permittedUV-vis
and luminescence spectroelectrochemical characterization.
Complexes in the ReII oxidation state exhibit visible absorp-
tion bands from 350 to 600 nm, with the lowest-energy band
assigned as a spin-allowed σ(P) to dπ(Re) LMCT transition.
Excitation into the lowest-energy absorption band revealed
rare examples of highly luminescent LMCT excited states
from d5 transition-metal complexes in a room temperature
solution with Φ ≈ 0.07. Crystallographic characterization of
[Re(dmpe)2(depe)]

2þ and [Re(dmpe)2(depe)]
þ provided im-

portant comparisons of the structural characteristics of both
oxidation states.
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Figure 8. Corrected (a) excitation (λem = 600 nm; bandpass, 4 nm;
PMT, 750 V) and (b) emission (λex = 528 nm; bandpass, 4 nm; PMT,
700 V) spectra of 0.15 mM [Re(dmpe)(depe)2]

2þ in 4:1 ethanol:methanol
at 77 K. Excitation spectrum obtained with a Corning 0-52 glass filter
placed between the sample and emission monochromator.


