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Symmetry and Substituent Electronics Dictate Electronic Structure
of Low Spin, Mixed-ring Rhenocene Complexes

Eyram Asempa,® Gregory M. Curtin,2®* Ann Marie May,>* Jillian L. Dempsey,*® and Elena
Jakubikova*2

Identifying the impact of molecular structure and symmetry on excited state character and energetics is vital to enable and
control photochemical reactions. In this work, density functional theory (DFT) and time-dependent DFT (TD-DFT) were used
to determine the electronic structure and excited state reduction potentials of six heteroleptic rhenocene complexes, each
bearing a cyclopentadienyl ligand and a functionalized tetramethylated cyclopentadienyl ligand (ReCp(CpMesR), where Me
= CH3 and R = Me, CF;, ‘Bu, CHCH,, CHO, or OMe). Calculations were performed using the B3LYP and BP86 functionals,
utilizing SDD+f effective core potential and its associated basis set for Re, and 6-311G* basis set for all other atoms. All six
complexes exhibit eclipsed geometries with similar Re-ring bond distances and angles. Despite their structural similarities,
the electronic structure of these complexes varies with ligand functionalization. ReCp(Cp*), 1, (where Cp" =
pentamethylcyclopentadienyl) has a 2A; ground state with a d,>-based LUMOPB orbital, whereas functionalized
tetramethylated derivatives, 2-6, have 2A” ground states with d.%,2-based LUMO@ orbitals due to their lower molecular
symmetries (Csy vs. Cs, respectively). Regardless, complementary TD-DFT and fragment orbital analyses show that low-energy
LMCT excited states are retained across all six complexes (where LMCT character > 90%). Furthermore, hypsochromic shifts
and higher oscillator strengths are observed for 2-6 compared to 1, resulting from the changes in HOMO-LUMO gaps and
excitation into the d,2,? orbital for 2-6 rather than d,? orbital for 1, which increases the orbital overlap between the hole-
particle pairs that describe the lowest-energy LMCT excitations. Appending electron donating and withdrawing groups to
these mixed-ring rhenocene derivatives also tunes ground state and excited state reduction potentials over a 400 mV and
700 mV range, respectively, enabling access to more oxidizing LMCT excited states. Collectively, these results showcase
design strategies to control acceptor orbital character, orbital energetics, excited state energies, and reduction potentials,
while simultaneously retaining low-energy LMCT excited states across a series of rhenocene derivatives. In result, this work
establishes approaches to design and tailor next-generation mixed-ring rhenocenes with low-energy LMCT excited states for
photochemical applications.

metal charge transfer (LMCT), metal-to-ligand charge transfer

An array of photochemical reactions are known for metallocene
complexes, including photopolymerizations, photoisomerizations,
and excited state electron transfer reactions.’™ For example,
ferrocene and other Group VIII metallocenes are well known to
generate ground state adducts with solvent and upon irradiation
undergo charge transfer to solvent, generating radical species that
Other
metallocenes, and benzoyl-substituted
ferrocene derivatives, are known to undergo ligand loss via bond

trigger a wide range of polymerization reactions.?

such as cobaltocene
homolysis or ligand dissociation, where expelled ligands catalyze
[2+2+2] cyclotrimerizations or initiate anionic polymerizations,
respectively.>3 This observed photoreactivity is largely dictated by
the nature of the metallocene’s excited state (e.g., d—d, ligand-to-
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(MLCT), and/or charge transfer-to-solvent (CTTS) character) and the
excited state energetics. Therefore, understanding the nature of the
donor and acceptor orbitals of these photoactive excited state
transitions is valuable in understanding and predicting accessible
photochemical reactions. Similarly, identifying strategies to
manipulate the character of these orbitals and enable control of
orbital energetics and absorption energies is also vital for tuning the
photochemical reactivity of metallocenes. For example, previous
studies by Malischewski and coworkers!® have shown that the
substitution of cyclopentadienyl ligands with electron-withdrawing
groups influences the metal-ligand bonding energies of several
transition metal complexes.!! As such, these synthetic modifications
afford control over molecular orbital energies and in turn, also

influence their oxidative and reductive properties.

Recently, we reported on the electronic structure and

photophysics of two metallocenes: decamethylmanganocene
(MnCp*,) and decamethylrhenocene (ReCp*;).12 Both low spin d°
complexes were interrogated using time-dependent density

functional theory (TD-DFT), and these calculations support that both
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complexes have low energy LMCT excited states. These excited
states result from the donation of electrons from orbitals delocalized
across both pentamethylcyclopentadienyl (Cp®) ligands to the metal
di2,? orbitals upon illumination. Both complexes exhibit strongly
reducing excited states with excited state reduction potentials of
—3.38 V and -2.61 vs. Fc*/? for the Mn"/"™ and Re""™ couples,
respectively.’2 Conversely, their LMCT excited states are only mildly
oxidizing with modest reduction potentials for their Mn""/' and
Re'"/' redox couples (—0.18 V and —0.20 V vs. Fc*/9, respectively). In
addition, ReCp”; exhibits room temperature photoluminescence
upon excitation of the LMCT band with a 1.8 ns lifetime,2'3 while
MnCp"; is not photoluminescent at room temperature. These results
suggest that ReCp*, is a promising candidate to participate in excited
state electron transfer reactions. However, further exploration is
limited largely due to the difficult synthesis of ReCp”; which requires
specialized instrumentation and energy intensive protocols.
Currently, the only known synthetic route requires the vaporization
of rhenium metal using electron beam evaporation and co-
with
decamethylrhenocene

condensation pentamethylcyclopentadiene  to
hydride, HReCp*,.141>

photolysis yields ReCp*,.16
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Figure 1. Re(Cp)(CpMesR) complexes where R = Me, CFs, 1Bu,
CHCH,, CHO, or OMe.

Given the complexity of decamethylrhenocene’s synthesis,
targeting  easier-to-synthesize  rhenocene  derivatives s
advantageous. Notably, a mixed sandwich rhenium hydride,
HReCp“Cp, has been previously synthesized and we hypothesize
analogous photolyses may enable access to other rhenocene
analogues with electronic structures similar to ReCp™,.1617 Therefore,
we aimed to computationally study the electronic structure of
(pentamethylcyclopentadienyl)(cyclopentadienyl)rhenium(Il)
(ReCpCp*, 1), explore the nature of its excited states, and visualize
the donor and acceptor orbitals that comprise its low energy
electronic  transitions. Furthermore, five derivatives, (1-
trifluoromethyl-2,3,4,5-
tetramethylcyclopentadienyl)(cyclopentadienyl)rhenium(ll) (2) (1-
tert-butyl-2,3,4,5-
tetramethylcyclopentadienyl)(cyclopentadienyl)rhenium(ll) (3), (1-
vinyl-2,3,4,5-
tetramethylcyclopentadienyl)(cyclopentadienyl)rhenium(ll) (4), (1-
formyl-2,3,4,5-

2| J. Name., 2012, 00, 1-3

tetramethylcyclopentadienyl)(cyclopentadienyl)rhenium(I}).(2)oand
(1-methoxy-2,3,4,5- DOI: 10.1039/D4DT03309D
tetramethylcyclopentadienyl)(cyclopentadienyl)rhenium(ll) (6)
were also explored, as synthetic precedence is known for their
asymmetric cyclopentadienyl ligands, with the exception of the
methoxy derivative.’820 Investigating these derivatives with
substituted cyclopentadienyl rings also revealed the impact of steric
encumbrance, ligand donor strength, and molecular symmetry on
excited state energies, excited state character, and their relative
orbital ordering. Likewise, the impact of ligand functionalization on
ground and excited state reduction potentials (E° and E°",
respectively) was also explored, showcasing synthetic strategies to
tune the potency of the LMCT excited states to drive photooxidative
reactions. From this approach, this study serves to provide insight
into the electronic structure and nature of the low energy LMCT
excited states of heteroleptic rhenocene derivatives and aid in the
synthetic development of next-generation monomeric rhenocene
complexes for photosensitization reactions.

Methodology

All metallocenes (1-6) were optimized in doublet, quartet, and
sextet states using the UB3LYP2122 functional with Grimme’s D3
dispersion correction.2? The SDD basis sets with effective core
potentials and an additional f polarization function were used for
Re?42> while the 6-311G* basis set was employed for all other atoms
(H, C, F, 0).25%7 This methodology was selected due to its precedence
in describing the ground and excited state structure of other low
spin, d> metallocenes.'2 Geometry optimizations were performed on
all structures in benzene as the implicit solvation model via a
polarizable continuum model (PCM).2®  Vibrational frequency
calculations were performed to ensure that all optimized structures
were true minima with no imaginary frequencies. Time-dependent
density functional theory (TD-DFT)?® was employed to calculate the
ultraviolet-visible (UV-Vis) absorption spectra for each complex,
using the same model chemistry as geometry optimizations. The
thirty lowest excited states were calculated for the doublet states of
the complexes. The stick spectra were broadened using Lorentzian
functions with half-width at half-maxima (HWHM) of 0.33 eV.
Mulliken population analysis was utilized to determine the percent
compositions of MOs between the fragments using the AOMix
software.3%31 The fragmentation scheme utilized for this analysis is
shown in Figure 2.

To investigate the ground state reduction potentials of the Re'"!
couples, the molecular geometries of the doublet states for all
ReCp(CpMesR) complexes and the singlet states for their reduced
counterparts, [ReCp(CpMesR)]-, were fully optimized. Solvent effects

Figure 2. Fragmentation scheme utilized to determine the
localization of MOs in complexes 1-6, where each color corresponds
to a distinct fragment (orange = Cp, blue = Re, and green = CpMe4R).

This journal is © The Royal Society of Chemistry 20xx
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(THF) were included via a PCM.?8 Single point energy (SPE)
calculations were then performed using the (U)BP86 functional®%-?2
with Grimme’s D3 dispersion correction for all calculated
structures.2? Ground state reduction potentials (E°) of the Re!/!
couple were determined relative to the ferrocenium/ferrocene
(Fc*/°) redox couple as shown in Eq 1:

E°(V vs. Fc*/0) = =222 500 (1)

n
where AGs is the change in solvated free energy upon reduction, n
is the number of electrons transferred in the reductive process (in
this case, 1), and F is Faraday’s constant. The calculated reduction
potentials are referenced to the Fc*/° couple by subtracting the
reduction potential of Fc*/9 (5.00 V vs. vacuum), as shown in Eq 1.32:33
This methodology was further benchmarked utilizing ReCp™; in THF,
which was previously measured experimentally (E°" (Re'')exp = —2.27
V vs. Fc*/9),12 and revealed good agreement within computational
error (E°(Re")calc = —2.49 V vs. Fc*/9, AE® = 220 mV). Excited state
reduction potentials for the Re'/' redox couple were estimated by
relating the ground state reduction potentials of the Re'/' redox
couple to the energy stored in the LMCT excited state (AGgs), as
shown in Eq 2, where AGgs was estimated as the BHOMO - BLUMO
gap. All reduction potentials are reported vs. Fc*/°.

E™(Re!"/l) = E"(Re!!/!) + AGps (2)

All calculations were carried out using the Gaussian 16 software
package (Revision A.03).34

Results
Ground State Electronic Structure

The ground state electronic structures of six mixed-ring
rhenocene derivatives were analyzed to determine the impact
of functionalization on molecular orbital ordering and
energetics. Optimized structures of 1-6 were obtained using
unrestricted DFT. Table 1 shows the calculated distances
between Re and each ring centroid (dgre-co and dre-cpmesr),
average of these distances (daverage), torsion angles (7) between
the Cp and CpMesR rings, and distortion angles (¢) for each
complex.

In each case, the metallocene adopts an eclipsed
conformation, where the torsion angles for 1-6 are between
0.04° to 3.80° as illustrated in Figure 3. In addition, these
complexes exhibit similar Re-ring bond distances. The Re—Cp
and Re—CpMesR bond lengths of 1 are 1.89 A and 1.87 A,
respectively. When a substituent replaces one of the methyl
groups on the Cp” ligand (2-6), there is a slight increase in both
the Re—Cp (by 0.05-0.06 A) and Re—CpMesR (by 0.03-0.04 A)
centroid distances. Interestingly, the Re—Cp centroid distance
increases more than the Re—-CpMesR centroid distance,
suggesting slightly stronger electronic interactions between the
Re and substituted CpMe4R rings than Re and Cp”. Further
analysis of the individual Re—C bond lengths (see Table S1 and
Figure S1) also reveals changes to the Re—C bond distances
upon substitution consistent with the changes in the centroid
distances. Comparison across the series reveals this distortion
stems from steric encumbrance of appended substituents,

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Definition of the A) torsion angle (t) and B) distortion angle
(o) for complexes 1-3.

where complexes with bulkier substituents (e.g., 2, 3 and 6
where R = CF3 'Bu, and OMe, respectively) exhibit larger
distortion angles (@) than those with smaller substituents (as
highlighted in Figure 3 and Table 1). This out-of-plane tilting
allows greater electronic interaction between Re and the
substituted carbon as the steric bulk of the substituent
increases and shortens the Re—C bond distances. While these
differences in bond lengths are small, these results suggest that
steric effects directly impact the ground state electronic
structures of mixed-ring rhenocenes.

From single point energy calculations of each geometry-
optimized structure, molecular orbital (MO) diagrams were
constructed to determine the ground state electronic structure
of each complex. Upon inspection, all complexes exhibit open
shell,
configurations known for other low-spin d> metallocenes like
ReCp~,.123538 However, unlike previous reports which have

doublet ground states, consistent with electronic

largely focused on highly symmetric metallocenes (typically
with Ds symmetry, assuming free rotation of both Cp rings in
solution), 1-6 display lower symmetry. 1 has Cs, symmetry,
resulting from the mixed ring composition, whereas 2-6 have Cs
symmetry that arise from additional functionalization of a single
ring. As a result, the MO diagram of 1 contains three sets of d
orbitals: e, (dy, and dyx%,?), a1 (d;?), and e: (dx. and dy;) orbitals
(Figure 4). The dy, and d2.,? orbitals are nearly degenerate for
both a and B orbitals and the d,? orbitals exhibit their own
discrete energies. As such, 1 has a 2A; ground state (Figure 5A)
and the LUMOPB exhibits d,?> character. The ground state
electronic structure of 1 differs from ReCp*,, which has a 2E;
ground state and a dy%,>-based LUMOR.?> This change in
electronic ground state may result in changes in ground state
reactivity. For instance, a wide variety of metallocenes are
known to undergo reactions to bind and/or activate substrates
(e.g., N3, CO, olefins, solvent molecules, etc.).3%43 In order for

Table 1. DFT-calculated geometric parameters for Re(Cp)(CpMe4R)
complexes.

ComP|eX dRe-Cp dRe-CpMe.R daverage T (o) ? (o)
(A) (A) (A)
1 1.89 1.87 1.88 0.11 176
2 1.95 1.90 1.93 0.48 171
3 1.95 1.90 1.93 0.18 168
4 1.94 191 1.93 0.94 175
5 1.95 191 1.93 3.80 178
6 1.95 1.90 1.93 0.04 173

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Energy level diagram of the doublet ground states of 1, 2 and 3 using B3LYP+D2/6-311G*, SDD(Re) in benzene. MOs with > 70%
localization on the metal center are labeled in blue, those with > 50% localization on Cp are shown in orange, and MOs with > 50%

localization on CpMesR are shown in green. Please note that since all complexes are open shell, the spin-up (o) and spin-down () MOs are

not restricted to have the same energies and occupation in the electronic structure calculations (as is typically done for closed shell

molecules) in order to find the lowest-energy electronic state. Also note that dy, and d, orbitals are unoccupied for all complexes and lie

higher in energy, outside of the energy window chosen for plotting.

these chemical reactions to proceed, sufficient orbital overlap
is required to promote binding and restructuring of the
metallocene’s geometry and, as such, the identity of frontier
orbitals is critical in dictating accessible reactivity.*4>

In comparison, the MO diagrams of 2-6 exhibit greater
complexity, resulting from their lower symmetries. Upon this
descent in symmetry, the e; degeneracy of the dy, and d.2.,?
orbitals breaks, as well as the e, degeneracy of the dy, and dy,
orbitals. As such, each d orbital independently transforms with
either a’ or a"” symmetry (Figure 5B). This orbital splitting is
reflected in the DFT-calculated MO diagrams for all five
complexes (where 2 and 3 are highlighted in Figure 4, as they
are representative of the series and 4-6 are found in Figure S2-
S5). All substituted complexes (2—6) exhibit LUMORBs with d,2.,?
character, consistent with a 2A” ground state for C; complexes.
These 2A" electronic configurations of 2-6 are most reminiscent
of the 2E; ground state of Ds complexes like ReCp™, due to their
dys2,?> LUMOR character, instead of 1 which exhibits d,2 LUMOR
character.

A ed,d) — —— B a@)
ad,) ——
a,(d,) 1 1] 1 a"(d,..) —1—
e I 1 I

a”(d) 4Jy_
e,(d,d.) a'(d,) 4—‘,—
2 2 6 "

A, E, °A, A

Figure 5. A) Possible ground state electronic configurations for Ds
and Cs, complexes. B) One possible 2A” state of C; complexes,
representing the ordering calculated 2-6. Reordering of each orbital
is possible for other Cscomplexes and depends on orbital energetics
and overlap. Term symbols are dictated by the symmetry of the
LUMO orbital.

4| J. Name., 2012, 00, 1-3

In addition to comparing the frontier orbitals of 1-6, the
impact of electron-withdrawing and electron-donating groups
on absolute orbital energetics can similarly be analyzed.
Appending either an electron-withdrawing trifluoromethyl or
formyl group onto the mixed-ring rhenocene (2 and 5) results in
the stabilization of both occupied and unoccupied orbitals
relative to the unfunctionalized mixed rhenocene (1, Figure S3.
Upon addition of an electron-donating tert-butyl, vinyl or
methoxy group (3, 4 and 6), occupied orbitals are slightly
stabilized relative to 1, whereas unoccupied orbitals are
destabilized (Figure S3). Overall, these ligand substitutions
result in higher BHOMO—-BLUMO gaps of complexes 2-6 than
complex 1, (Figure S6) and should result in a hypsochromic shift
of the LMCT excited state in their UV-Vis absorption spectra,
regardless of the ligand donating or withdrawing ability of the
substituent.

UV-Vis absorption spectra

Guided by the impact of ligand substitution on HOMOQ@ and
LUMOQP energies, the UV-Vis absorption spectra for 1-6 were
calculated using TD-DFT methods to assess analogous trends in
the photophysical properties of mixed-ring rhenocenes. In
general, these complexes exhibit similar absorption profiles
with a single low energy feature centered at ~450-500 nm and
a more intense absorption feature in the ultraviolet region, as
shown by the stick spectra overlaid with the calculated
absorption spectra (Figure 6). For 1, this low energy feature is
comprised of two near-degenerate electronic transitions
centered at 518 nm with oscillator strengths (f) of ~0.003.
Similarly, both electronic transitions display 99% LMCT
character, where the 7 orbitals of both Cp ligands (HOMO-3B
and HOMO-2) donate to the Re d,? orbital (LUMOB), consistent
with previous reports of ReCp~,.12 Figure 7 shows the transitions
of the lowest excited states of complexes 1-3. The lowest
excited states for complexes 4-6 are shown in Figure S7. For the

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Calculated UV-Vis absorption spectra of 1-6.

electron-withdrawing derivatives (2 and 5), appending
trifluoromethyl and formyl groups to the mixed-ring rhenocene
results in a hypsochromic shift of both LMCT transitions (462 nm
and 424 nm for 2 and 476 nm and 439 nm for 5). As expected,
these transitions are no longer degenerate, reflecting the
descent in symmetry of 1 (Csy) to 2 and 5 (C;). Likewise, their
hypsochromic shifts result from the greater stabilization of the
donor i orbitals (HOMO-4, HOMO-33 and HOMO-28) than the
acceptor Re d«2.,2 orbital (LUMOB), as highlighted above. Both
LMCT transitions also exhibit slightly higher oscillator strengths
than 1 (f ~ 0.01 for both transitions in 2 and f ~ 0.009 for both
transition in 5) and analogous LMCT character (98% - 99% LMCT
character) compared to 1. The slight increase in oscillator
strength can be attributed to greater orbital overlap between
the hole-particle orbitals in 2 and 5 than in 1. As shown in Figure
7 and Figure S6, the d,2.,? orbital is populated upon low-energy
excitation of 2 and 5, instead of the d,? orbital in 1. The d.2.,?
orbital exhibits greater interaction with Cp and CpMeusR ring
systems than d.?, leading to greater orbital overlap with the
ligand-localized p orbitals from which the electron is
transferred.

Similar results were found for the electron-donating
derivatives (3, 4 and 6). Their LMCT excited states are also
hypsochromically shifted (centered at 464 nm and 456 nm; f ~
0.01 for both transitions in 3, 498 nm and 466 nm; f ~ 0.008 and
0.01 respectively for 4 and 473 nm and 462 nm; f ~ 0.01 for both
transitions in 6) and exhibit similar LMCT character (98% - 99%
each) compared to 1. Furthermore, the oscillator strengths for
3, 4 and 6 are similar to 2 and 5, owing to its analogous
population of the d«2.,? orbital in the excited state. Overall,
these results suggest that the functionalization of mixed-ring
rhenocenes conserves the LMCT character of its low-lying
electronic transitions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Donor and acceptor orbitals of the lowest energy excited
states for complexes 1-3. Calculated excitation energies (in nm)
and oscillator strengths (f) for each electronic transition are
provided. The percent contribution of the displayed hole-particle
pair determined from the excitation coefficients obtained from the
TD-DFT calculations is also provided.

Ground and Excited State Reduction Potentials

Upon discovering that ligand electronics tune both HOMOB
and LUMOP orbital energies, we hypothesized ligand
functionalization may also serve to control reduction potentials.
Using optimized geometries of all ReCp(CpMesR) complexes
and their respective reduced species, [ReCp(CpMesR)], single
point energy calculations were conducted and utilized to
estimate the reduction potentials of each Re'! couple vs. Fc*/°
of 1-6, as shown in Eq 1 and reported in Table 2. Calculations
were benchmarked using the reduction potential of the
[ReCp*,]1%- redox couple which has been previously measured
experimentally (E° (Re"")exp = —=2.27 V vs. Fc*/? in THF).12 The
calculated reduction potential (E°(Re"")caic = —2.49 V vs. Fc*/0)
showed good agreement with the experimental value (i.e.,
within 220 mV), showcasing the efficacy of this methodology.

Across this suite of complexes, the reduction potential of
the Re'/'couple varied over 400 mV as a function of ligand
donor ability. Complexes with greater donor ability (e.g., 6
where R = OMe) exhibited the most negative reduction
potentials, whereas those with electron withdrawing ability
exhibited more positive reduction potentials (e.g., 5 where R =
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CHO). When ordered with respect to their ligand donor strength
(6>3~1>4>2>5, where OMe > Bu ~ Me > CHCH; > CF3 >
CHO) and compared directly to their reduction potentials, this
trend is further highlighted, where reduction potentials are
ordered as follows 1 <3 <6 <4< 2<5. However, it is important
to note slight deviations from the anticipated and observed
trends, where the ordering of complexes bearing electron
donating groups does not directly trend with donor strength
(albeit within 90 mV). This deviation may be attributed to the
difference in molecular symmetry of 1 (Cs,) and/or the inherent
error within the theoretical methodology. Nonetheless, this
approach highlights that small changes in molecular structure
can vary the reduction potential of heteroleptic rhenocenes
over a range of 400 mV.

Table 2. Redox potentials for the six complexes investigated calculated at the
BP86+D3/SDD,6-311G* in THF based on B3LYP+D3/SDD,6-311G* optimized
structures.

Complex E° (Re"/)) DOGes [eV] E** (Re™/!)
[V vs. Fc*/?] [V vs. Fc*/0]

1 -2.14 1.94 -0.20

2 -1.84 2.27 0.43

3 -2.10 2.25 0.15

4 -1.97 2.21 0.24

5 -1.71 2.23 0.52

6 -2.05 2.27 0.22

Upon determining the ground state reduction potentials of
all ReCp(CpMesR)]¥- couples, excited state reduction potentials
(E°*) for the Re"/' redox couple were similarly calculated to
assess the impact of ligand substitution on the photophysical
properties of these complexes. These values were computed
utilizing the ground state reduction potentials (E°) and energy
stored in the LMCT excited states (AGgs, estimated as the
computed BHOMO — BLUMO gaps), as summarized in Table 2
(see Eq 2 in Methodology for calculation details). Excited state
reduction potentials (E°*) were found to span 720 mV, where 5
exhibited the most photo-oxidizing potential (E°*(Re'*/) = 0.52
V vs. Fc*/9) and 1 exhibited the least photo-oxidizing potential
(E°*(Re'*/") = —0.20 V vs. Fc*/9). However, it is important to note
that these calculated E°*(Re'""/') are likely overestimated
compared to experimental data, as the experimental AGgs are
typically estimated conservatively as the crossing point of UV-
vis absorption and photoluminescence spectra. This analysis is
further highlighted via the benchmarking of ReCp*,, where the
computed BHOMO — BLUMO gap (an estimate of AGgs) was 2.45
eV and the experimentally determined AGgs was 2.07 eV.12

Regardless, these calculations highlight that complexes 2-6
should exhibit greater potency as photo-oxidants, largely owing
to the hypsochromic shift of their LMCT excited states and
concomitant increase in AGgs for lower symmetry complexes (2-
6) compared to 1. Additional fine tuning to more positive
potentials is possible by appending electron withdrawing
groups, generating even greater potency as photo-oxidants
(e.g., 2 and 5). These structural modifications tune the ground

6 | J. Name., 2012, 00, 1-3

state reduction potentials to more positive potentials,.angin
turn, result in more positive excited statéetlUiGion potehtials
for the Re'™' couples. Collectively, these results showcase
synthetic routes to tune the potency of the LMCT excited states
of mixed-ring rhenocenes, whereupon modifying rhenocene
geometry and ligand identity play key roles in modulating
ground state electronic structure, LMCT energies, and reduction
potentials to curate tailored rhenocenes poised for
photochemical applications.

Conclusions

In this study, the impact of molecular symmetry and ligand
donation on the ground state electronic structure and excited
state properties of six mixed-ring rhenocenes were
investigated. Overall, we found that changes in the electronic
structure drive the photochemical reactivity and potency of
excited states. Geometry optimizations revealed eclipsed
geometries for all mixed-ring rhenocene complexes. Subtle
changes in the bond distances indicate distortion to a lower
symmetry (from Cs, to Cs) upon the addition of substituents to
the Cp” ring and suggest steric bulk contributes marginally to
the ground state electronic structure. DFT calculations suggest
that 1 exhibits a 2A; ground state where the LUMOR exhibits d,?
character, whereas the lower symmetry complexes, 2-6, exhibit
2A" ground states with LUMORs that exhibit d,%,? character.
Inspection of the absolute energetics of the molecular orbitals
revealed that appending electron-withdrawing substituents (2
and 5) stabilized both occupied and unoccupied MOs compared
to unfunctionalized 1. Conversely, electron-withdrawing groups
slightly stabilized occupied orbitals, but destabilized
unoccupied orbitals (3, 4, and 6).

TD-DFT calculations were then employed to simulate the
UV-vis absorption profiles and accompanying fragment orbital
analysis enabled the assignment of the low energy absorption
features to LMCT, consistent with reports for other rhenocene
derivatives. These results support that the LMCT character of
low energy electronic transitions is maintained regardless of
molecular symmetry and the presence of electron-donating or
electron-withdrawing groups. However, while the character of
these low-energy transitions is conserved, their energies and
oscillator strengths are impacted. In particular, 2-6 are
hypsochromically shifted compared to 1 and higher oscillator
strengths for these transitions are observed, resulting from
changes in BHOMO-BLUMO gaps and the nature of the orbital
being occupied upon excitation due to the impact of the
substituent groups on the electronic structure of the
complexes.

Upon examining trends in ground state electronic structure
and photophysical properties, the ground and excited state
reduction potentials for the Re''and Re""/' redox couples,
respectively, were calculated. Ground state reduction
potentials ranged —1.71 V to — 2.14 V vs. Fc*/°, spanning over
400 mV. In general, reduction potentials trended with electron
donating ability of the substituted ligands, where electron-
donating substituents promoted more negative reduction
potentials, whereas electron-withdrawing substituents shifted

This journal is © The Royal Society of Chemistry 20xx
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reduction potentials to more positive potentials. Utilizing these
calculated ground state reduction potentials and the energies
stored in the LMCT excited states, excited state reduction
potentials for the Re'"™/' couple were also calculated, showcasing
similar tunability over 700 mV and access to stronger photo-
oxidants compared to previously reported ReCp*,. This
tunability depends on the hypsochromic shift observed for 2-6
compared to 1, as well as the impact of ligand substituent on
ground state reduction potentials. Together, these data
illustrate how the intricate relationships between molecular
symmetry and ligand electronics impact the ground and excited
electronic structure, thereby enabling the tailored design of
next generation rhenocene derivatives for photochemical
applications.
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