Delocalization Tunable by Ligand Substitution in [L,Al]™
Complexes Highlights a Mechanism for Strong Electronic Coupling
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Ligand-based mixed valent (MV) complexes of Al(lll) incorporating electron donating (ED) and electron withdrawing (EW)

substituents on bis(imino)pyridine ligands (1.P) have been prepared. The MV states containing EW groups are both assigned
as Class /111, and those with ED functional groups are Class Ill and Class II/11l in the (I.P7)(12P%)Al and [(1.P%)(I.P3")Al]* charge
states, respectively. No abrupt changes in delocalization are observed with ED and EW groups and from this we infer that

ligand and metal valence p-orbitals are well-matched in energy and the absence of LMCT and MLCT bands supports the

delocalized electronic structures. The MV ligand charge states (1.P")(12P%)Al and [(12P%)(I.P*)Al]?> show intervalence charge

transfer (IVCT) transitions in the regions 6850 - 7740 and 7410 - 9780 cm?, respectively. Alkali metal cations in solution had

no effect on the IVCT bands of [(1.P%)(I.P3")Al]* complexes containing -PhNMe: or -PhFs substituents. Minor localization of

charge in [(12P%)(I12P*")Al]?> was observed when -PhOMe substituents are included.

Introduction

Studies on the classic transition metal MV system, the
Creutz-Taube (C-T) ion: [{(NH3)sRu};pz]>*, have shown that
delocalization of the unpaired electron can be tuned extensively
via variations in metal identity, ancillary ligands, and the identity
of the bridging pz ligand (Chart 1A).1.23.4 As examples, when
NHs ligands are replaced with bpy,> or CN ligands,® the EW
nature of those ligands affords a decrease in the electronic
coupling between the two Ru ions from Class Il to Class Il.
Competition for the metal t-symmetry d-electrons from the 7-
acceptor ancillary ligands and the bridging pyrazine is thought
to diminish delocalization of the electron between Ru atoms.
No abrupt changes in delocalization/localization occur as a
result of changes to the nature of ligand-metal bonding
between, for example, nt-accepting vs nt-donating ligands.

MV organic molecules are harder to study because synthesis
of analogs is often challenging. The MV state of an organic
molecule is often a reactive radical cation or anion with
dimerization or disproportionation pathways available for
decomposition.”® For example, triarylamine compounds are
only synthesized with R = OMe protecting groups in the para
position to avoid coupling of the two cationic radicals tail to
tail,Error! Bookmark not defined..® and dithiafulvenyl
compounds undergo dimerization of the MV radical cations
when substituted with EW groups.10.11
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Chart 1. Example mixed valent (MV) complexes where electron donating and electron
withdrawing functional groups have been varied to understand delocalization.

Disproportionation of the MV state has been observed for MV
naphthidines with ED groups, whereas EW groups, such as
fluorine favored formation of the oxidized dications.12 Although
limited by synthetic challenges in many instances, the effect of
ED or EW substitution on organic MV systems including
phenylenediamine,!3 bis(triarylamine), 4 or naphthidine radical
cations,’2 has been explored: in all cases the MV states are
strongly coupled “charge resonance” compounds and the
coupling is not significantly affected by substitution of ED and
EW substituents on the end-groups.131> The compounds are all
considered Class Ill delocalized. Aryl hydrazine radical cations
offer a rare exception, where electronic coupling is greatest
when R = OMe, vs R = Br, Cl, I, CN or NO, where coupling is
reduced to Class I/l (Chart 1B).16

Another class of metal-containing MV compound are those
in which a metal center bridges two redox-active organic end
groups, and in those complexes the organic group is referred to
as a redox-active ligand. Here again, well-characterized and
predictably tunable electronic coupling has not been achieved
by substitution of EW and ED groups on the organic end groups.
The majority of ligand-based MV complexes are bridged by
transition metals and the unpaired electron associated with
those MV end-groups is most often localized.17.1819 Square



planar complexes of d® metals Ni(ll), Pd(l1), Pt(Il) as well as Au(lIl)
are delocalized,?® with some exceptions.?! Those systems can
be hard to fully understand because ambiguity in the
assignment of metal and ligand charge states, along with
convolution of LMCT bands with IVCT bands is common. In
addition, as ED and EW groups are added, changes to the nature
of the ligand-metal interaction result: variation between 7-
donating to m-accepting character can result from ED and EW
group substitution and cause unpredictable changes to
electronic coupling. This situation was encountered with a
series of Ni salen metal complexes (Chart 1C):1822,23,24 EW
substituents impart delocalization, and ED substituents impart
localization. Those effects were rationalized by considering that
ED groups enable greater donation by the ligand into empty
Ni(ll) d-orbitals and then orbital pathways for delocalization
through the ligand are not available.

We have recently been studying ligand-based MV
compounds with Group 13 metals as the bridging ion.25 Our
initial studies provided experimental evidence that
bis(imino)pyridine (I,P) redox-active ligands bridged by Group
13 metals display Class Ill behavior and are delocalized. We also
noted in that work that ligand-metal-ligand angles of about 90
degrees facilitate the strong coupling between the two ligand
end-groups and we rationalized that this geometric
arrangement optimizes orbital overlap between the p-valence
orbitals and the ligand donor atoms. That work did not provide
any insights as to why Class Ill, delocalized behavior is possible
with the Group 13 central ion.

In the present report we have used a systematic synthetic
chemistry approach in an attempt to understand the origin of
the delocalized MV states observed in Al-bridged redox-active
ligand complexes. Substituents on the I,P ligands were varied
between ED and EW and we observed no abrupt changes in the
extent of delocalization as a result of the changes in ED or EW
substituents (Chart 2). This contrasts with results observed in
transition element systems where ED and EW substituents on
organic end groups can have unpredictable effects on
delocalization or localization as the nature of metal-ligand
interactions change. We can further infer from these results
that the delocalized electronic structure of ‘(I.P),Al’ complexes
arises because there are no available orbital pathways to
support LMCT or MLCT transitions that compete with the IVCT
transitions. The synthetic tunability of these compounds is
reminiscent of transition element MV systems, while the strong
electronic coupling, unperturbed by LMCT and MLCT transitions
common to transition element systems, is more reminiscent of
organic MV compounds. If it is true that the delocalized
structure of ‘(1,P),Al’ arises simply from the absence of possible
LMCT and MLCT transitions, then there is immense scope for
the design of new, delocalized MV materials that incorporate
main group elements with redox-active ligands.

Results and discussion

Synthesis of compounds. To access MV redox-active ligand Al
complexes in which EW and ED groups are included in the
organic framework we targeted two new I,P ligands in which
the aryl substituents are the ED group -PhNMe; (nmezl2P) or the
EW group -PhF; (¢sl2P). Our prior report on MV 1,P complexes
included -PhOMe substituents (omel2P). The syntheses of those
new ligands are described in the Supporting Information and
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Chart 2. Electron delocalization is predictably tuneable via ED and EW groups. This
is possible because IVCT transitions are not convoluted with LMCT and MLCT
transitions. Valence p-orbitals on metal and ligands dictate available transitions.

each |,P ligand was characterized by 1H, 19F (gsl2P only) and 13C
NMR (Figures S1 - S5), high resolution mass spectroscopy
(HRMS), and UV-Vis-NIR spectroscopy. In the present study, we
synthesized and fully characterized the MV members of the
ligand-based charge series where the I,P ligands have 1- and 2-
charges, as in previously reported (omel2P?)(omel2PZ)Al (1). To
enable study of the MV complexes where ligands have 2- and 3-
charge we gen erated those in situ as is described later in the
discussion of NIR spectroscopic properties.

The synthesis of MV (gs12P7)(s12P?)Al (2) was performed in
one step: two equivalents of gsl,P were stirred with one
equivalent of AICI; for 10 minutes. Three equivalents of Na were
then added to the solution and this was stirred for three days at
room temperature during which time the solution gradually
became darker, until it was red-brown. Isolation of 2 was
achieved in 52% yield, and the compound has pes = 2.06 usg,
consistent with one unpaired electron on the complex (Scheme
1). MV (nmez2l2P7) (nme2l2P%) Al (3) was synthesized similarly to the
approach used to obtain 1. Reduction of ywvezl2P with three
equivalents of Na overnight, was followed by dropwise addition
of one equivalent of AICl; in THF. Brown-red 3 was isolated in
15% yield and has petr = 1.60 ug. The stability of 3 even under a
nitrogen atmosphere is poor, and isolation in high yield has not
been possible. Each of 2 and 3 were characterized using HRMS,
combustion analysis, and UV-Vis-NIR spectroscopy. In the UV-
Vis region of the optical spectra of 2 and 3 the ligand-based
electronic transitions were observed at 351 and 409 nm,
respectively. These have extinction coefficients 22,400 and
29,600 L mol? cm™ in 2 and 3, respectively (Figure S8), as
compared with those in the free ligand which are 2840 and 7300
L moll cm, respectively. These observations are consistent
with previous work on Al(lll) complexes with bidentate
iminopyridine ligands (IP),26 and with work on cobalt complexes
with redox-active terpyridine (tpy) ligands.2?” The comparisons
suggest that the transitions observed in the UV-Vis region of the
spectrum can be assigned to ligand-based © - ©* transitions.

MV [(NMez|2P')(NMe2|2P)A|](OTf)z (32+), was obtained by
following a similar procedure as the synthesis of 3 but
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Scheme 1. Synthesis of MV Al(lll) complexes 2, 3, 3%, 4, and 5. Compound 1 was
previously reported.?®

employing just one equivalent of Na. Addition of 1.1 equivalents
of KOTf to the reaction mixture followed by workup enabled
isolation of 32* in 33% vyield, and 32* has pesr = 1.73 ps. The
isolation of 32* was more facile than 3, and so it was used to
generate other charge states of the 3 series in subsequent
studies of optical electron transfer (vide infra). Full details on
the syntheses of all new compounds reported here can be
found in the Supporting Information.

Complexes containing a single ligand were also synthesized
and analyzed: we need to understand these in order to correctly
assign which spectral features arise from the MV properties of
1 — 3 and of 1% - 3%, Synthesis of (sl,P-)AICI; (4) and of (gsl,P%
)JAICI(THF), (5) were performed by mixing ¢sl,P, AlCl; and one or
two equivalents, respectively, of Na metal. After three days, and
following workup, 4 and 5 were obtained in 70 and 87 % vyield,
respectively (Scheme 1). Both compounds were characterized
by elemental analysis and X-ray crystallography. Paramagnetic
4 has Uesr = 1.40 ug, and diamagnetic 5 was characterized by H,
13C and °F NMR spectroscopy (Figures S6, S7). The UV-Vis
spectra of 32* and 4 agree well with previously reported 12* and
(omel2P7)AICI; (Figure S8). We were unable to synthesize the
analogous mono-ligand complexes using wmez2l2P despite
numerous efforts.

Solid-state structures. The solid-state structures of 2 - 5
were probed using single crystal X-ray diffraction data collected
at 77 K. All experimental methods of crystal growth, data
collection and refinement, and tables of bond lengths and
angles are included in the SI (Tables S1-S2, Chart S1). The charge
state of each ligand in the complexes can be definitively
assigned using the bond lengths determined
crystallographically. As an example, elongation of the C—Nin,
bond is expected as the ligand is reduced: 1.32 — 1.34 A is typical
for one-electron reduction of the imino group, and 1.41 — 1.45
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Chart 3. C-N and M-N bond length designations used throughout the text. im = imine,
am = amine.

Fig. 1. Solid state structures of in 2 (left) and 3 (right). Light green, blue, pink and gray
ellipsoids represent F, N, Al and C atoms, respectively. Ellipsoids are shown at 30%
probability level. Solvent molecules and hydrogen atoms have been omitted for clarity.
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Fig. 2. (left) Histogram depicting the shortest (left) and longest (right) C—N bond lengths
(A, esd is error bars), for mixed valent 1 (pink), 2 (green) and 3 (blue/purple). (right) CV’s
of 0.1 mM 1 (pink), 2 (green) and 3 (blue) in 0.1 M nBusNBF, MeCN.

A for two-electron reduction of the imino group to a C—Nam
single bond (Chart 3). Reduction is most often localized at the
imino carbon, but delocalization of the added electrons
throughout the ligand framework is also observed in some cases
and this results in intermediate bond lengths between those
reported for single or double reduction.

Both 2 and 3 have one ligand of 1- and one ligand of 2-
charge (Figures 1-2, Tables S1-S2). Those two tridentate ligands
are arranged in a pseudo-octahedral geometry (Figures 1).
Complex 3 sits on a crystallographic symmetry element in the
unit cell and so half of the structure is generated by symmetry
and a detailed comparison to 1 and 2 is not possible. In 2 the
radical of the 1- ligand is localized on one imino functional
group, as determined from the C—N bond lengths which are
1.298(5) and 1.355(4) A (Table S2). The C—N bond distances
also fall over a broader range than in 1: 1.424(4) and 1.317(5) A.
The asymmetry of the I,P? ligand is also reflected in the M-N
bond lengths: 1.950(3) and 2.155(3) A. For each of the MV
complexes, histograms of C—N bond distance illustrate
distribution of the charge between the two ligands and within
each ligand, in the solid state structures (Figure 2). 2 has the
most asymmetry and the differences between the longest and
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shortest C—N bond distances are the greatest. The C—N bond
distances in 1 are nearly all equivalent and the average
geometrical parameters for 3 lie between those of 1 and 2.
The complexes containing a single monoanionic ligand, 4
and (omel2P)AICl,, exhibit similar electronic structure as
reported for (omel2P?)AICI; (Table S1-S2, Figure S9). The radical is
delocalized over I;P in both cases, with C—N bond distances on
the I,P- ligand falling within a narrow range: 1.321(2) and
1.330(3) A, for 4. Mirror symmetry for 5 also appears with C—N
bond lengths 1.378(4) and 1.377(5) A, and M—Nim bond lengths
that are nearly equivalent: 2.012(3) and 2.008(3) A.
Electrochemical measurements. Cyclic voltammograms
(CV’s) of 2 and 3 were taken in 0.1 M nBusNBF4 MeCN solution
and display five ligand-based redox events spanning 2.19 and
1.85 V, respectively (Figure 2, Table 1). As previously described
for 1, these include charge states spanning [(I,P)(I2P")Al]2+ (A2+)
up to [(IP?)(12P3)AI]3- (A%*). The final redox event,
corresponding to the A2/3- couple, is irreversible for 1 and 3, at
E,=-2.12V and-1.93 V vs SCE and reversible for 2, at £, =-1.66
V vs SCE. There is an expected anodic shift in redox events upon
changing the ligand from ED 1 or 3 to EW 2; for example the E1/,
for the A%1- redox couple is at 0.06 V vs SCE for 1 and shifted by
-140 and +470 mV for 3 and 2, respectively.?8,2° At very negative
potentials 2 and 3 show signs of decomposition over time.
For 1 and 2, we performed variable scan rate experiments to
ensure the observed redox events are reversible; plots of
current versus sqrt of scan rate were linear for the first four
couples (Figure S10, equation S1). To further probe for ion-
pairing  or Coulombic/electrostatic  effects on the
electrochemical data, CV’s for 2 and 3 were also recorded in THF
(e = 7.58), for comparison to the data collected in MeCN (g =

36.6): minor variations were observed and are highlighted in the
Sl (Table S3).30

Table 1. Formal potentials (Ey), and peak-to-peak potentials (AE,), for 2 and 3 obtained
from CVsin 0.1 M nBusNBF,; MeCN (1 is included for comparison). A = each complex.

Ea/2 (V vs. SCE) AE,

1 2 3 1 2 3
A/ 0.06 0.53 -0.08 72 82 79
AL/0 -0.30 0.20 -0.44 72 86 71
A1 -1.08 -0.49 -1.09 58 75 88
ALz -1.51 -0.87 -1.46 72 93 93
A¥/3 -2.12 -1.66 -1.93 125 56 86
AA E1pp 2.18 2.19 1.85

Table 2. K. values and AEy; values for A*, A, A" and A obtained from CV data collected
in 0.1 M BuyNPFg MeCN. A'is any of 1 - 3.

1 2 3
(12P)2M At 1.3 x 108 4.0 x 10° 1.1 x 108
(0.36 V) (0.33V) (0.36 V)
(12P)(1PT)M A 1.8 x 1013 4.8 x 10 9.7 x 1010
(0.78 V) (0.69 V) (0.65 V)
(12P¥)2M A 1.6 x 107 2.7 x 108 1.8 x 106
(0.43 V) (0.38V) (0.37V)
(12P?)(1,P¥)M  AZ@ 2.4 x 108
(0.79 V)

2 The K. values and AE1/; values are not given for 12 and 32" because the E1/2
(A273) couples are not reversible.
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these are calculated using the separation between successive
redox couples, AEy; (equation S2). The comproportionation
reaction for the MV charge states discussed here, (1,P7)(12P?)Al
(A) and (1,P%)(1,P3)Al (AZ), are given by equations 1 and 2,
respectively:

(|2P')2A| + (|2P2')2A| 2 2(|2P')(|2P2')A| egnl

(|2P2_)2A| + (|2P3_)2A| 2 2(|2P2_)(|2P3')A| egn 2
The measured K. values for 2 and 3 were on the order of 101!
and 1019, respectively (Table 2). For comparison, 1 has
measured K. value of 1023, In general, values exceeding K. = 1073
in acetonitrile suggest a delocalized electronic structure.3! The
solvent independence between CV’s collected in THF and MeCN
further suggests that electrostatic effects are not playing a large
role in the observed electrochemical behavior and that we can
attribute the spacing between successive redox events to a
delocalized electronic structure for 2 and 3 (Table S4), as we
reported for 1.32

NIR absorption spectra. To quantify the degree of electronic
coupling between redox active ligands in MV 2, K;-2, 3, and K-
3, their absorption spectra in the near infra-red (NIR) range of
the electromagnetic spectrum were collected and analysed
(Figure 3, Table 3). In each of the spectra collected between 526
— 2500 nm (19000 — 4000 cm1), we observed a broad band with
Vmax between 6900 and 9780 cm ! which is assigned as the inter-
valence charge transfer (IVCT) transition. We also observed a
sharper, lower energy band with vm.x between 5200 and 5300
cm and which appears as a low energy shoulder on the IVCT
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Fig. 3. NIR spectra in THF of (top left) 1, 2and 3; (top right) 1%, 22 and 3% in situ generated
with potassium metal reductant, solid lines; and when 18-C-6 was added to sequester
the potassium counteraction, dashed lines; (bottom left) 3%, 4, and (owmel,P")AICI,, and
(bottom right) v,ax of NIR absorption bands of 1, 2, and 3 in solvents spanning dielectric
constant range of 34: benzene (e = 2.28), THF (€ = 1.89), and MeCN (g = 36.6).
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Table 3. NIR Spectroscopy parameters for 1 - 4 in various solvents and charge states. The parameters were determined from the Gaussian fits to the experimental data (see SI).

Solvent Vimax Emax Avyyz (expt) Avyz (calc) @ re
(cm?) (Mcm™) (em™) (em™)
1 Benzene 6909 6800 2279 3995 0.35
THF 6950 5110 2410 4007 0.40
MeCN 6850 4950 2574 3978 0.43
2 Benzene 7590 3300 3840 4190 0.08
THF 7740 2240 3700 4230 0.12
MeCN 7720 2000 4220 4220 0
3 Benzene 6900 4350 3230 3990 0.19
THF 7020 7800 2990 4030 0.26
K2-1 THF 8980 3910 6710 (6090) ® 4560 -0.34
(K:18-C-6)2-1 THF 6850 5830 5890 (4700)® 3980 -0.18
K2-2 THF 7400 5380 5600 (4854)° 4130 -0.17
(K:18-C-6)2-2 THF 7410 5140 5590 (5003)® 4137 -0.21
K2-3 THF 9780 6350 4470 4753 0.06
(K:18-C-6)2-3 THF 9680 6580 4490 4729 0.05
44 benzene 6190 780
(omel2P?)AICI ¢ THF 6036 2320

4 Calculated from equation S7. ? High-energy Gaussian fit gave a large overestimation in Avi/2 and so the Avyyz read directly from the data is given in parentheses (and can
be considered the lower limit for Aviy,). ¢ Calculated using equation S6. ¢ Absorption bands are not IVCT so parameters Aviyz(calc), Aviz(expt), and T were not calculated.

band. Based on our previous analyses of 1 and 12" we assigned
the lower energy feature to a ligand-based ©n* - ©* transition
associated with the ligands having 1- charge state.Error!
Bookmark not defined. In THF solution, the ©* - ©* transition
was observed at 5200 and 5300 cm for 1 and 3, respectively,
and was not observed for 2 (Figure 3). Comparison with the
spectra of mono-ligand complexes, (omel2P")AICl; and 4 indicates
that in 4 the * - ©t* transition is much lower in intensity than
was observed for (omel2P?)AICl,: € = 780 for 4 compared with
2320 L molt cm- for (omel2P-)AICI; (Figure 3). The low intensity
of the n* - n* band observed for 4 suggests that the n* - nn*
transition for 2 may be obscured by the tail of the broad IVCT
band. We were unable to prepare (nwmez2l2P?)AICI, for comparison
to 3, but 32* contains a singly reduced nme2l2P- ligand and the
spectrum indicates that a narrow low-energy band is present as
expected for the n* - n* transition. A band at 8052 cm! (e =
5010 L moltcm™) observed in the spectrum of a THF solution of
5 was assigned as a metal-ligand charge transfer (MLCT) process
(Figure S8).33 The UV-Vis-NIR of 5 has similar transitions to
those reported previously by us for the related complex,
(dippl2P)AIH(THF).34

To more accurately determine vimax and emax for each of the
IVCT bands we fit a series of Gaussian curves under the NIR
spectra (Figures S11 — S13). We first obtained a good fit for the
n* - * transition in the singly reduced ligands and its associated
overtones in the spectra of 32+ and 4, and this was subtracted
from the spectra of 2 and 3 before a fit to the IVCT band was
performed. Details of this process are given in the Supporting
Information. In THF solution Vmax (€max) for 1 — 3 are at 6950
(5110), 7740 (2240), and 7020 (7800) cm™ (Lmollcm1), and
these values for emax suggest that 1 and 3 have a delocalized
electronic structure whereas 2 is more localized (Table 3). In
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general, molar absorptivities in excess of 5000 Lmollcm?,
experimental full width at half maximum, Avi/;, which is less
than the calculated value Avi;;°,3> and solvent independent
values for vmax are the characteristics of delocalized, or Robin
and Day Class Ill compounds. Calculations of Avy/,; are provided
in the Sl (Calculation S5).

To characterize delocalization in MV 2 and 3, beyond an
interpretation of their vmax and emax values, we first probed the
solvent dependence of their vma. Observed solvent
independence is an indication of delocalization whereas solvent
dependence of vmax is an indication of a Class Il system because
it arises from a dipole moment change accompanying the
electron transfer event, or the reorganization energy needed to
transfer an electron from one ligand to the other. NIR spectra
of 2 were collected in benzene, THF and MeCN which span a
dielectric constant range of 34.3, as others have done (Figure
3).1%2 Compound 3 was unstable in MeCN solution, and so it was
studied in benzene and THF only which have dielectric constant
difference of 5.3. Solvent independence, defined as Avmax < 200
cml, was observed for the IVCT in each of 1 — 3, and this
suggests a delocalized electronic structure, consistent with the
Class Ill Robin and Day classification, for each compound
(Calculations S3, S4, Tables S5, S6). As a final probe of
delocalization in 1 — 3 we employed the parameter I, which
calculates the deviation of the calculated Avi; from the
experimental Avi;° (Table 3, Calculation S5).3% Based on these
combined analyses, 1 and 3 satisfy the criteria for a delocalized
description of the MV state. The higher vmax, lower extinction
coefficients, large full width at half maximum, and smaller value
of I for 2 all point to a description of the electronic structure
that is localized, or Class Il. However, the lack of solvent
dependence supports the more intermediate Class II/lll
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designation. Another difference in the NIR spectra of 2 versus 1
and 3 is the band shape which is almost symmetric for 2 and
characteristic of a Class Il system (Figures 3, S11, S12). Bands
that are truncated on the low energy side, as observed for 1 and
3, are distinctive for Class Ill. Taken together, the experimental
data for 2 supports a Class Il or lI/1ll designation.

The NIR spectra of THF solutions of K,-1 - K,-3 were collected
on samples generated by in situ reduction of 1 — 3 using 2.1
equivalents of K metal in THF (Scheme 2, Figure 3). A shift in the
IVCT transitions of 2030 and 2760 cm-! for 1 and 3, respectively,
to higher energy was observed upon reduction. The NIR spectra
for K;-1, K»-2 and K,-3 were also fit to a Gaussian profile to more
accurately determine their features (Figure S14 — S16, Table 3)
In each case, the emax decreases by about 1200 Lmol-lcmt.
Based on this data K;-1 and K>-3 have Class Il characteristics
since an increase in optical transition energy is expected when
the reorganization energy of a MV system increases.3” A
smaller, 340 cm? shift to lower energy was observed upon
reduction of 2 to K»-2 along with a 3140 Lmol-lcm increase in
Emax- The parameter I is < 0 and this suggests K,-2 should be
considered more localized as was observed for 2. Inspection of
the I parameter for K»-3 and for K;-1 also suggests a localization
of the electronic structure relative to 3 and 1. Electron
paramagnetic resonance (EPR) spectra of 2 were collected and
those data were consistent with the results of the NIR spectra
(see discussion in the Sl and Figure S17).

Localization of electrons is known to arise in many cases
from the interaction of alkali metal cations with MV
compounds,3%39 and the observed nuances in the absorption
spectra can arise from factors such as Coulombic effects,
precursor formation, changes to the activation barrier for
delocalization,3?” and dynamical effects.® To assess any
potential localization effects associated with the K* and Na*
cations generated during reduction of 1 - 3 we probed the
spectra of K;-1 - K>-3 in the presence of 2 equivalents of the K*
sequestering ligand 18-crown-6 (denoted as 18-C-6).%0 After
addition of 18-C-6 to the THF solutions, NIR spectra were
collected after solutions had equilibrated for 2 hours. For (K:18-
C-6)2-1, £max increased by 1920 Lmollcm™ and vmax decreased
by 2130 cml, relative to spectra of K,-1. The parameter I also
increased by 0.16 and these features are consistent with some
delocalization (Figure 3, Table 3). For K;-2 and K;-3, only
minimal changes in the spectra were observed upon addition of
18-C-6. The larger spectral shifts observed for K,-1, relative to
K2-2 and K3-3, in the presence of 18-C-6 are attributed to the
ability of the OMe functional groups to sequester the K* cations,
whereas the F- and NMe;-substituted compounds appear to
interact less effectively with K*. The chemical reduction process

[(K:18-C-6)*],

(1P%)(1,P") (1P*)(1P?)
Ar= PhOMe, 1 Ar= PhOMe, 12
PhFs, 2 PhFs, 22
PhNMe,, 3 PhNMe,, 3%

Scheme 2. Preparation of (K:18-C-6),-1 - (K:18-C-6),-3.
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used to generate K;-1 - K;-3 is compatible with THF solution
only, not with MeCN or benzene, and so potential solvent
dependence of the IVCT of these compounds was not
interrogated.

It is common for counter ions such as alkali metal cations to
localize MV compounds and therefore the observations that the
spectra of K;-2 and K;-3, are relatively unaffected by
sequestration of the K* ions is unusual. For example, an anionic
MV diiron complex was reported where the two redox-active
ends are highly charged: [Fe"(CN)s-bridge-Fe''(CN)s]>. Addition
of small monoatomic cations such as Na*, Ca?* and La3* to
solutions of the diiron complexes resulted in shifts of up to 1690
cmin vmax.3?

Taken together, the information on Vmax, €max, and I for
(K:18-C-6),-1, (K:18-C-6),-2, and (K:18-C-6),-3 suggest that each
of these species exhibit some characteristics of localization and
some associated with delocalization of the unpaired electron.
Intense IVCT bands (€max > 5000 Lmol-lcm-1) with band shapes
that are truncated on the lower energy side imply
delocalization. Arguing against a delocalized assignment for the
electronic states, each of (K:18-C-6),-1, (K:18-C-6),-2, and (K:18-
C-6)2-3 have experimental Avi/; greater than the calculated
Avi/2. These combined data lead us to assign each compound as
within the class 11/11l borderline region. The loss of delocalization
in the MV state for 1 and 3 when these compounds are reduced
to MV (K:18-C-6),-1 and (K:18-C-6),-3 is consistent with a
potential electrostatic effect arising from higher population of
the nt* orbitals following reduction. In contrast (K:18-C-6),-2 and
2 have a similar electronic structures bordering Class II/1ll and 2
is the more localized of those two compounds.

We also probed the possibility that uncharged 1 could
interact with added alkali metal cations. Aliquots of NaOTf were
added to solutions of 1 in THF and Vmax and €max Were monitored
with each addition. No change in vmax was observed, but
changes in emax Were distinct (Figure S17 left). Addition of 0.2
equivalents of NaOTf produced a 9 % increase in emax and this
was followed by a linear decrease as 1 - 6 equivalents of the salt
were titrated. After accounting for dilution effects, &max
decreased from 9547 for 1 to 6808 M1 cm-! for a solution of 1
containing 6 equivalents of NaOTf (Figure S17 inset).

Conclusions

In this report we have described a systematic substitution of
ED or EW functional groups onto MV complexes that are
comprised of redox-active ligand end groups bridged by
aluminum. Our previous work with this class of compound
assigned delocalized, Class Il electronic structures based on
experimental observations of the NIR and EPR spectroscopic
characterization. In that prior work no understanding of the
origin of the delocalization was obtained.

The results of this synthetic study show that electronic
coupling between the ligand end groups does not undergo
abrupt or unpredictable changes when ED and EW substituents
are included in the framework. We propose that this can be
attributed to the electronic structure where both metal and
ligand have valence p-orbitals and metal and ligand frontier
orbitals are well-matched in energy. LMCT and MLCT transitions
often localize the electronic structure in transition element MV
complexes; whether the metals are end-groups bridged by an
organic moiety or the metal bridges two organic fragments.
LMCT or MLCT transitions between ligand and Al(lll) are not

This journal is © The Royal Society of Chemistry 20xx



observed and so that mechanism for localization of the
electronic structure is not at play here. Instead, the localization
effects observed here are more predictably tuned by small
degrees. We have also demonstrated in this work that the
delocalized MV states are relatively unperturbed by the
addition of alkali metal cations, except in the case of 1 where
the ligand substituents, -OMe, behave as ligands to chelate the
cations. If it is true that the delocalized structure of ‘(1,P),Al’
arises simply from the absence of possible LMCT and MLCT
transitions, then there is immense scope for the design of new,
delocalized MV materials that incorporate main group elements
with redox-active ligands in future studies.
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