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ABSTRACT: Magnetic circular dichroism (MCD) and
electronic absorption spectroscopies have been used to
probe the electronic structure of the classical paramagnetic
metal−metal-bonded complexes [Re2X4(PMe3)4]

+ (X =
Cl, Br). A violation of the MCD sum rule is observed that
indicates the presence of ground-state contributions to the
MCD intensity. The z-polarized δ → δ* band in the near-
IR is formally forbidden in MCD but gains intensity
through a combination of ground- and excited-state
mechanisms to yield a positive C term.

The most interesting and most studied feature in the
electronic absorption spectra of quadruply metal−metal-

bonded complexes [i.e., dinuclear species with a σ2π4δ2 ground-
state (GS) configuration] is the lowest-energy, electric-dipole-
allowed δ → δ* transition.1−3 The archetypal example of this
type of complex is the storied octachlorodirhenate ion,
[Re2Cl8]

2−, whose electronic structure and spectroscopy have
been thoroughly investigated and analyzed.4−10 In the late1970s,
magnetic circular dichroism (MCD) measurements played an
important role in the elucidation of the electronic structures of
both [Re2Cl8]

2− and its bromide analogue,11 but the technique
has not found widespread application in the study of other
multiply metal−metal-bonded complexes since that time.12 The
room temperature MCD spectra of the diamagnetic [Re2X8]

2− (X
= Cl, Br) ions display very weak temperature-independent B
terms for the lowest-energy δ → δ* transition and strong,
temperature-independent, derivative-shaped A terms for the
dipole-allowed X(π) → δ* bands at higher energy.11 Para-
magnetic dinuclear complexes with σ2π4δ2δ*1 GS configurations
and their attendant metal−metal bond orders of 3.5 would
appear to be ideal candidates for spectroscopic investigations
using MCD but, to the best of our knowledge, have not been
examined with this technique. Herein we describe our initial
studies on the [Re2X4(PMe3)4]

+ cations (X = Cl, Br),13 which
provide new insight into the electronic structures of this class of
multiply metal−metal-bonded dimers.
The Re2X4(PMe3)4 dimers were prepared and purified by

literature methods and oxidized in air to [Re2Cl4(PMe3)4]PF6
(1) and [Re2Br4(PMe3)4]PF6 (2) in a mixture of ether and
acetonitrile using a slight deficiency of [NO]PF6.

13 Isolated 1 and

2 were washed with toluene to remove the neutral parent
compounds and stored under argon. The crystal structures of
Re2Cl4(PMe3)4 and [Re2Cl4(PMe3)4]

+ have been reported,14 the
latter as the chloride15 or perrhenate salt,14 and the point
symmetries of the Re2X4P4 cores are D2d (Figure 1). The room

temperature electronic absorption and 5 KMCD spectra of 1 and
2 (Figure 2) display two prominent bands (A and B) between
6000 and 25000 cm−1. The band in the near-IR (NIR) region of
the electronic absorption spectrum (ε ∼ 4000 M−1 cm−1) is
assigned as the δ → δ* transition (transition 1), in agreement
with prior work on these ions13 and the related complex
[Re2Cl4(PPr

n
3)4]

+.16 The corresponding band in MCD is a
positive, temperature-dependent C term that possesses a well-
resolved vibrational fine structure. This δ→ δ* C-term band is of
interest because it is z-polarized and is therefore formally
forbidden in MCD.17 The energy and intensity of the δ → δ*
transition directly probe the nature of the Re−Re δ and Re−L
bonding interactions,2 and the near-equivalent energies and
intensities for this transition in 1 and 2 (ΔE∼ 200 cm−1) indicate
that there is a negligible difference in the δ bond order.
Absorption bands for 1 and 2 show optical electronegativity18

shifts to lower energy for 2, with a greater degree of X → Re
ligand-to-metal charge-transfer character in band B than in band
A. TheMCD dispersion in the region of band B is complex and is
comprised of dominant positive and weaker negative temper-
ature-dependent features.
Gaussian resolution of the electronic absorption spectra

indicates that at least three transitions contribute to the intensity

Received: November 9, 2013
Published: January 17, 2014

Figure 1. D2d structure of the 1 core. Color code: Re, blue; Cl, green; P,
orange.
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of band B. Our time-dependent density functional theory (DFT)
and MCD calculations19−22 indicate that the complex MCD in
the region of band B results from overlap and partial cancellation
of multiple temperature-dependent MCD pseudo-A terms that
derive from one-electron promotions involving doubly degen-
erate orbitals (Table 1). We assign transitions 2 and 3 as e→ a2

(2A → 2E) one-electron promotions from filled ligand orbitals
(i.e., 31%Cl and 45%Cl for transitions 2 and 3, respectively) into
the Re−Re δ* orbital. Transition 4 is likely due to a one-electron
promotion from the Re−Re δ orbital into the Re−Re π* virtual
orbital. Thus, the greater optical electronegativity shifts observed
for band B compared to band A are consistent with a greater
degree of halide character in the transitions that contribute to
band B.
The xy-polarized transitions that contribute to band B explain

how the z-polarized δ → δ* transition gains MCD intensity.
Here, either the 2B1 excited state (ES, |J⟩) or the 2A2 GS (|A⟩)
must mix with one or more xy-polarized 2E ESs (|K⟩) by spin−
orbit coupling (SOC; Figure 3).17 In this manner, the z-polarized

2A2→
2B1 (δ→ δ*) transition can acquire partial x or y character

and display C-termMCD intensity. Typically, SOC between ESs
will dominate because they are closer in energy to each other
than to the GS (Figure 3).17 However, the MCD spectra of 1 and
2 are dominated by positive features at energies <30000 cm−1,
indicating a violation of the MCD sum rule17 and a GS
mechanism contributing to the MCD intensity (Figure 3). Our
MCD computations support this assertion and show that both
ES and GS mechanisms17,23 contribute to the observed positive
C-term MCD associated with band A. Specifically, the GS
mechanism dominates for 1 (52.8% GS vs 47.2% ES), and the ES
mechanism dominates for 2 (40.4% GS vs 59.6% ES). This GS
mechanism has also been suggested to contribute to the MCD
intensity in plastocyanin20 and the CuA site.24

In summary, we have used a combination of electronic
absorption and MCD spectroscopies, coupled with spectro-
scopic computations, to assign the dominant NIR and visible
electronic transitions in 1 and 2. This has allowed us to obtain a
greater understanding of the electronic structure and bonding in
these classical paramagnetic metal−metal-bonded complexes.
To our knowledge, this is the first detailed MCD study of
paramagnetic metal−metal dimers that probes the fundamental
details of their electronic structure.
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Table 1. Band Assignments for 1a
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