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ABSTRACT: Homobimetallic complexes of Group 4 metals, supported by the redox-active tetrakis(imino)pyracene (TIP) ligand
were synthesized and isolated. The formation of these complexes resulted in LUMOs having significantly lower energies than the
free ligand and the respective metal salts, MCl4 (M = Ti, Zr, Hf), whereby all three complexes were readily reduced by one electron
using the mild reductant, Cp*2Fe (E°= -0.59 V). Spectroscopic characterization and quantum chemical analyses of the reduced spe-
cies revealed that the resulting complexes are delocalized, borderline Class I1-111 (Ti) and Class Il (Zr, Hf) mixed valence com-
plexes. All three complexes display surprisingly strong long-range electronic coupling between the metal centers, as M to M dis-
tances, rag, are nearly 12 A. The coupling strengths of Zr and Hf were significantly stronger than those observed for the Ti com-
plex, suggesting that better orbital overlap between the ligand and 4d or 5d metal centers helps to relieve the instability of the 3+

oxidation state via delocalization.

INTRODUCTION

Multimetallic complexes, or complexes in which metal ions are
bridged by ligands having multiple coordination sites, are species
that have garnered widespread interest owing to their applications,
which range from molecular electronics'® and photovoltaics™ to
catalysis!®'7 and biomimetics.’®2! One area of intense research
activity has been the development of molecular wires, 7 22-24 or
molecules that facilitate electron transfer and can ultimately be
used for charge separation and transfer®>28 or as building blocks
for molecular devices.?*% Overwhelmingly, inorganic/organic
hybrid species developed as molecular wires feature so-called
redox-active ligands as the bridging species.> 33 This trend is
likely due to noninnocence displayed by these systems, whereby
admixing of the ligand frontier orbitals and d-orbitals of the coor-
dinated metal ion yield the requisite electronic delocalization for
wire-like behavior,%6-%2 and electronic cooperativity between the
metal and ligand can provide additional stability during electron
transfer.*>47 The ligands of choice for these systems largely fea-
ture endocyclic imine moieties, such as pyrazine,> -5 pyridine,?
25-26,52-56 and porphyrin functionalities.3"- 57-6

It is well established that bidentate exocyclic imines, such as a-
diimine ligands, display electronic delocalization when coordinat-
ed to various metal centers.526° Furthermore, the electronic prop-
erties of exocyclic imines can be easily tuned by varying the sub-
stituents on the imine via condensation of the parent ketone with
an amine equipped with the desired substituents.58 7971 Consider-
ing both the electronic behavior and tunability of this imine ligand
class, it is quite surprising that there has been little progress to-
wards the development of bridges based on their framework. One
a-diimine framework that holds particular promise as a scaffold

for a bridging ligand is bis(arylimino)acenaphtylene (BIAN).7273
Structurally, this system consists of a diazabutadiene coordination
site that is protected by a naphthylene backbone. Electronically, it
can act as a reservoir, whereby electrons can be transferred with
ease between the ligand and the central atom.”7® For example, in
complexes with early transition metals, this ligand system has
displayed electronic properties such as delocalization,®%-8! intra-
molecular electron transfer,®2 and valence tautomerism.® The
bifunctional BIAN derivative, tetrakis(imino)pyracene (TIP), has
been developed by Cowley and coworkers;®® and similar to its
parent, electron transfer between the ligand and a central atom has
been observed.&387 These results are significant with respect to the
potential of this ligand system as a framework for molecular
wires.

Bearing in mind the electronic behavior of early transition metal
BIAN complexes, we became interested in exploring if these
properties could be extended to early transition metal-TIP based
molecular wires. As a starting point, we decided to interrogate
how changes to the metal center perturb orbital overlap with the
ligand, and to parse how these perturbations affect changes to
molecular orbital energies of potential monomer units. Limiting
our initial study to Group 4 congeners, we synthesized and char-
acterized homobimetallic complexes ClsaM(TIP)MCls (where M =
Ti (1), Zr (2), or Hf(3), supported by the tetrakis(3,5-
dimethylphenylimino)pyracene (TIPM¢) ligand.



Scheme 1. Syntheses of homobimetallic complexes 1-3 and their 1-electron reductions to 1~-3.
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RESULTS AND DISCUSSION

Complexes 1-3 were easily prepared in good yields by treating a
solution of TIPMe in dichloromethane with two molar equivalents
of the respective Group 4 salt, MCls (Scheme 1). Their composi-
tions were confirmed by elemental analysis. Density functional
theory (DFT) and time-dependent DFT (TDDFT) computations®®-
9% were performed using B3LYP/6-311+G(d,p)/LANL2DZ%-%
levels of theory with the continuum polarizable cavity model
(CPCM).%-97 See supporting information for full methodological
details.

Single crystals of 1, suitable for X-ray diffraction studies were
precipitated by layering a saturated CH2Cl2 solution with pentane.
For the zirconium and hafnium analogues, 2 and 3, single crystals
were isolated from saturated CH2Cl2 solutions by cooling
to -34°C or slow evaporation. Selected metrical parameters for
these complexes are highlighted in Table 1. The asymmetric units
of complexes 1 and 2 are comprised of two independent half mol-
ecules which lie on inversion centers (Figure 1). Complex 3 pos-
sesses two-fold, crystallographically imposed symmetry, where-
by, similar to the asymmetric units of 1 and 2, the half molecule
lies on an inversion center (Figure 1). The molecular structures of
1-3 confirm the expected local symmetry, with octahedral geome-
try about each metal center. Computationally, complexes 1-3
possess Ci molecular point group symmetry.

The average N-M-N bite angle of the M—N-C—C—N chelate
rings are 73°, 70°, and 71° for complexes 1, 2, and 3, respectively,
with the zirconium metal center having the smallest bite angle.
These small, ligand-enforced bite angles are consistent with those
observed for transition metal complexes supported by neutral
BIAN ligands, which typically have N-M—N bite angles in the
range of ~70-80°, and contribute significantly to the distortion
from idealized octahedral geometry.®®-%° The two apical chloride
ligands, CI(3) and CI(4) are bent nearly 20° towards the TIPMe
ligand, deviating significantly from the expected linearity, and
results in surprisingly small Cl(3)-M—Cl(4) bond angles. Com-
plex 2 has the smallest C1(3)~M—Cl(4) angle (162°), whilst those
observed in 1 and 3 are approximately the same (163°). This
bending may arise to minimize repulsive interactions from CI(1)
and CI(2) that lie trans to the TIPMe ligand. Similar to their BIAN
counterparts, the M—Cl bond lengths of these equatorial chlorides
are markedly short relative to their apical counterparts.%

Long M—N bond lengths, consistent with the neutral imine form
of the ligand, are observed for 1-3.72 81-82, 98, 100 Additionally, di-
agnostic C=N and C—C bond lengths of the TIPM® N-C-C-N
chelate, which average 1.28 A and 1.51 A, respectively, indicate
the neutral form of the ligand, as expected.” 10 Both the titanium
and zirconium metal centers, in 1 and 2, can be considered copla-
nar with the TIP ligand. The molecular structure of 3, on the con-
trary, reveals a deviation from planarity, whereby the hafnium
metal centers are puckered ~0.57 A out of the ligand plane, bend-
ing towards the ligand in a prone fashion.8? 192103 This trend was
also confirmed computationally. This may be indicative of inter-
actions between hafnium and the m-electrons of the C=N bonds.
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Most bond lengths computed with DFT are within 0.01 A of the
X-ray crystal structure values (Table SI1). Notably, the computed

Zr-Cl bond lengths of 2 are 0.07 — 0.08 A longer than the experi-
mental values.
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Figure 1. Thermal ellipsoid plots of 1-3 as determined by single
crystal X-ray diffraction studies. Thermal ellipsoids are shown at
50% probability. Hydrogen atoms and solvent molecules have
been omitted for clarity. For complexes 1 and 2 one of two inde-
pendent molecules are shown. Differences between the two mole-
cules that comprise the unit cell are not significant.

Electronic spectra were collected for dichloromethane solu-
tions of complexes 1-3 (Figure SI1) and modeled using TD-
DFT (Figure SI2). All three complexes (from experimental
and theory) display nearly identical spectra in the range of
200-800 nm. Transitions observed in the visible region are
consistent with intraligand (IL) bands, which likely arise from
ligand n-n" transitions. The spectra of 1-3 are dominated by
an intense ligand to metal charge transfer (LMCT) transition,
having extinction coefficients of 47,000 (246 nm), 83,000
(244 nm), and 87,000 Mcm™ (244 nm), respectively. These
transitions can be visualized as the combination of several
types of electron transfer processes. For example, a charge
transfer from a non-bonding orbital of nitrogen to the metal
center (n—=n") may occur. Both experimentally determined
extinction coefficients and computationally derived relative
absorbances for the complexes indicate that complexes 2 and 3



possess better orbital overlap with the TIPM® ligand their tita-
nium counterpart.

Table 1. Selected bond lengths [A] for complexes 1-3.

1 2 3
M-N(1) 2.234(2) 2.360(3) 2.365(2)
M-N(2) 2.236(2) 2.388(3) 2.333(2)
N(1)-C(1) 1.284(3) 1.279(4) 1.279(3)
NQ)-C(2) 1.279(3) 1.276(4) 1.278(3)
C(1)-C(2) 1.508(3) 1.524(4) 1.519(3)
M-CI(1) 2.2142(8) 2.3683(6) 2.3462(10)
M-CI(3) 2.2936(8) 2.3994(6) 2.4185(9)

Electrochemical analysis by cyclic voltammetry (CV), was
performed on all three complexes in DCM and THF (Table 2).
The voltammograms revealed several reversible redox pro-
cesses. For complex 1 in particular, many very closely coupled
reductions were observed. To better resolve these processes,
differential pulse voltammetry (DPV) experiments were con-
ducted. Within the solvent window, multiple reversible and
irreversible processes were observed for all complexes. Nota-
bly, the first reversible 1-electron reduction of complexes 1-3
were reversible and occurred at -0.32 V, -0.53 V, and -0.51 V
versus the Fc*/Fc? couple, respectively (Figure 2). These po-
tentials are significantly more positive than those of uncoordi-
nated TIPMe (-1.68 V), Zr**, and Hf*", indicating that there are
strong interactions between the ligand and metal centers.'®
Moreover, the potentials of the Hf** and Zr*" complexes are
inverted, meaning that the LUMO of 2 is slightly higher in
energy than 3. Though the energy eigenvalues of unoccupied
Kohn-Sham orbitals are a qualitative metric at best, computa-
tions support the observed trend, with the LUMO energies
ranking 2 > 1 = 3 (Table SI2). This behavior supports the like-
lihood of interactions between hafnium and the ligand C=N
bonds as inferred from the XRD data.

It should also be highlighted that in addition to the second
reversible reduction observed for 2 and 3 (-0.84 V and -0.86
V, respectively), both complexes have a third reversible reduc-
tion (-1.66 V and -1.70 V) that overlaps with the 1-electron
reduction of the free TIPM® ligand. The observation of this
overlap illustrates that they are not purely ligand-based pro-
cesses: the orbitals associated with the first two reductions of 2
and 3 have must have significant contributions from the metal
centers. The electrochemical behavior of the titanium ana-
logue, 1, differs significantly from 2 and 3, in that more elec-
trochemical processes were recorded within the solvent win-
dow and these processes were all closely coupled with each
other. The observed processes, for all three complexes, are
Nerstian. This behavior allows the results to be framed in the
context of the degree of electronic delocalization between the
metal centers.’® The magnitude of the AEi, separation be-
tween two redox processes signifies the strength of interaction
between the two metal sites for homobimetallic systems. 30 106-
108 | arger values of AEu: are indicative of better stabilization
of the mixed-valence complex, which is characteristic of delo-
calized or Robin and Day Class Il mixed-valence
complexes.® 19110 By contrast, when AEu: is very small or
close to zero, the bridged metal centers can be considered to
be non-interacting (Class I). The value of AEy of the first two

reductions was found to be 140 mV, 300 mV, and 350 mV for
1, 2, and 3, respectively (Table 2).
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Figure 2. Differential pulse voltammograms of complexes 1-3
and TIPMe recorded in DCM (0.10 M [n-BuaN][PFs]) and shown
in the range of -0.70-0.00 V vs Fc*/FcP to highlight Ep,1. The full
voltammograms are included in the supporting information.

Using the values of AEi», the comproportionation constants,
Kea and Kc2, were determined for the one- and two-electron
reduced derivatives of TIPM® and complexes 1-3. For all three
complexes, the values obtained for Kci are larger than ex-
pected for complexes of this length, meaning they each have
some degree of delocalization; % 11 however, the value for
complex 1, was several orders of magnitude smaller than those
of 2 and 3. This difference indicates that that reduced deriva-
tives of the titanium complex will be significantly less delocal-
ized in comparison to their zirconium and hafnium counter-
parts.*® Furthermore, the values of K¢ also suggest that the
reduction of 1 yields products that are less delocalized than an
uncoordinated TIPMe ligand that has been reduced by one elec-
tron. Interestingly, the values of Kc2 for 2 and 3 increase by
more than seven orders of magnitude, suggesting that the two-
electron reduced zirconium and hafnium complexes should be
more delocalized.

Overall, electrochemical analysis predicts that electronic delo-
calization should increase as the metal center changes from 3d
to 5d metal ions. This trend is rationalized by considering the
stability of the 3+ oxidation state and the degree of orbital
overlap between the ligand and the metal ion. Titanium is
quite stable as Ti®*,'16 whereby the Ti**** couple of independ-
ent titanium ions occurs at a significantly lower potential than
that of the free ligand.*¢'7 On the other hand, the Zr*"** and
Hf**"3* redox couples occur at very similar potentials to the
TIPY (typically observed between -1.70 V and -2.12 V) and
consequently, they are extremely rare.''812% This suggests that
titanium is more energetically mismatched with the ligand,
and upon reduction it may be more favorable for the electron
to sit at the metal rather than travel across the higher energy
bridge. The energetic similarity of the respective 4d and 5d



Table 2. Results of Electrochemical Analyses of 1-3 performed in CH2Cl2 (DCM).

Complex Ep,1(0/-1)2 Ep2 (-1/-2)2 Epz(-2/-3)2 AE1¢ log Kc(-1) AE1/"¢ log Kc(-2)
TIpMe -1.68 -2.00 -2.24 320 5.4 240 4.1
1 -0.32 -0.46 -0.63 140 2.3 180 3.1
2 -0.563 -0.84 -1.66 300 5.1 840 14.2
3 -0.51 -0.86 -1.70 350 5.9 840 14.2

2V versus Fc*/Fc. ® Determined using AE12 = AEp when AE,
‘mV.

ions with TIPM® results in better orbital overlap and conse-
quently, increased delocalization is observed.?

Encouraged by these results, solutions of 1-3 in dichloro-
methane were treated with the mild reductant, decamethylfer-
rocene (E° = -0.59 V in DCM),*? to yield the 1-electron re-
duced anionic complexes, 1-3" (Scheme 1). The compositions
of all three complexes were confirmed by elemental analyses.
These reductions were also monitored by UV-Vis spectrosco-
py, whereby solutions of the starting complexes were titrated
with Fc* (Figure 3). Isobestic points were observed at 440 nm;
538, 368, and 331 nm; and 543, 370, and 327 nm for the titra-
tions of 1, 2, and 3, respectively, providing a clear indication
that no secondary reactions occur during these reductions.'?®-
130 Attempts to precipitate X-ray quality single crystals were
unsuccessful, as the material appears to decompose after sev-
eral days in solution to yield unusual MCls™ anions (where M =
Ti, Zr, or Hf) (Figure S13).2%132 We were able, however, to
spectroscopically characterize freshly isolated complexes.
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Figure 3. Titration of complexes (a) 1, (b) 2, and (c) 3 by Fc*
monitored by UV-Vis spectroscopy in the range of 300-900 nm.

The X-band EPR spectra of 1--3" were nearly identical, reveal-
ing surprising seven-line hyperfine splitting patterns for each
complex. Simulations were performed to better understand the
origin of these spectral features. The best-fit simulations for all
three spectra are centered at g ~ 2.004 (Figure 4), which indi-
cate that there is very little spin-orbit coupling to the metal
centers in each complex. The isotropic signal suggests that the
electron is in a symmetric environment; however, the hyper-
fine splitting pattern that arises is consistent with asymmetric
coupling to the four ligand **N nuclei and the respective metal
nuclei. The likely explanation for these seemingly contradicto-
ry characteristics is the alternating-linewidth effect.3%1% The

>160mV and E;/, = E, + %E, where AE is the pulse amplitude.12+1%

asymmetry observed for the *N coupling arises from breaking
the m-conjugation at one of the M—N—C—C-N chelate rings
upon reduction, which alters the coupling at the C—N versus
the C=N nitrogen nuclei. These spectra indicate that the ar-
rangement of these bonds is rapidly interchanging due to elec-
tron transfer between the metal sites, resulting in out-of-phase
modulation of the hyperfine splittings.**® Consistent with this
phenomenon, as the samples were cooled to 77 K, apparent
axial signals are visible and the hyperfine splittings are no
longer resolved (Figures S13-S15).106 133 136-137 Tha g-values
determined for 1" at this temperature indicate the electron be-
comes localized on titanium. On the other hand, the analogous
values for 2-and 3" suggest the electron is still interacting with
both the ligand and the metal centers. These features of the
spectra are in alignment with the delocalization predicted by
the electrochemistry, whereby the 1-electron reduction yields
the M3/M* mixed-valence complexes. This delocalization
was investigated more closely using NIR spectroscopy.
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Figure 4. X-band (9.83 GHz) EPR spectra and their best fit
simulations: (a) 1° (g = 2.004, A(*N) = 4.3 G, A(**N) = 4.3 G,
A(N) = 4.3 G, A(*N) = 0.7 G, A(Ti) = 43 G, A(Ti) = 49 G); (b)
2" (g = 2.004, A(*N) = 5.0 G, A(*N) = 5.0 G, A(**N) = 3.9 G,
A(*N) = 1.0 G, A(Zr) = 39 G A(Zr) = 39 G); and (c) 3" g = 2.004,
A(*N) = 5.0 G, A(**N) = 5.0 G, A(**N) = 3.9 G, A(**N) = 1.0 G,
A(Hf) =39 G, A(Hf) =39 G) in DCM at 298 K.

In the near-IR region (900-2500 nm), broad charge transfer
bands were observed for all three complexes (Figure 5). TD-
DFT was used to aid in the intervalence charge transfer
(IVCT) bands.*®® 1*° These bands were found to occur at 1222
nm (8180 cm™), 1222 nm (8183 cm?), and 1076 nm (9290 cm-
1y for 1--3-, respectively. The presence of these transitions in



Table 3. Analyses of the IVCT bands for complexes 1-3.

Complex Vinax® Avyp" 3P Avy? emad ras® Hag?f Hag"9
1 8180 4347 2180 2200 11.565 424 0.053
2 8183 4350 920 4900 11.773 4067 0.507
3 9290 4632 1414 3700 11.706 4645 0.580

acmL, P Avip® = (2310 x vmax)? at 298 K. © If I"= 0 a system can be categorized as Class II; if 0 < "< 0.5, a system can be categorized
as borderline Class II-III; and if 0.5 < I', a system can be categorized as Class I11. 9 ML cm™. & Estimated metal to metal distance in A. fFor
borderline Class I1-111, Hag = 2.06 X 102(vmaxemaxAvi/2)Y?/rag; for Class 111, Hag = vimax/2. 9 €V.

this region provide further confirmation of mixed-valency and
delocalization.**-142 Notably, IVCT transitions in this region
are characteristic of Class Il or Class 11l mixed-valence com-
plexes, whereby the system is valence trapped (i.e. the redox
sites are not energetically identical, but the energetic barrier to
for electron transfer is small) or of delocalized valency (i.e. the
two metal sites are non-discrete; there is virtually no barrier
for electron transfer).!® The IVCT bands of these complexes
appear to have a low-energy cutoff that is characteristic of
borderline Class IlI-111 and Class Il species. By applying
Hush’s theory for symmetrical charge-transfer complexes,**
144 it was determined that the respective theoretical bandwidths
at half-intensity, Avi’, for the three complexes are broader
than the experimentally determined values, Avi. (Table 2).
This difference confirms that there is electronic delocalization
between the two metal centers in 1--3". The degree of delocali-
zation was measured using the parameter, 7", defined as
(equation 1),

Av1/2
r=1-—= 1
Av1/2 ( )

Based on the determined values of 7" (Table 3), 1" can be con-
sidered borderline Class II-111, whilst complexes 2- and 3" can
be squarely categorized as Robin and Day Class Il mixed-
valence complexes, whereby the two metal redox sites in each
complex are virtually indistinguishable.!® The degree of delo-
calization predicted by I"is consistent with the expected be-
havior derived from AEi. values obtained in our electrochem-
ical experiments. Molecular orbital contour plots of frontier
orbitals validate differences in the electronic delocaliza-
tion/coupling behavior of the reduced complexes. In Figure 6,
the HOMO and LUMO of 1-3 are symmetric and display
delocalized character. The NIR data was also used to deter-
mine the estimated electronic couplings between the two metal
sites, Hag, which were determined to be 424, 4092, and 4645
cm?, for 1--3°, respectively (Table 3). These values indicate
that coupling between metal sites is strong at relatively long
distances (~12 A), suggesting electron transfer proceeds by
way of through-bond electronic coupling.23 50.146-149
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Figure 5. NIR spectra (5000-11,000 cm-1) of complexes 1-3 and
reduced 1-3" collected in DCM at 298 K.

CONCLUSIONS

In conclusion, coordination of the TIP ligand to Group 4 tran-
sition metal centers results in significant orbital overlap which
yield, upon reduction, delocalized M3*/M* mixed valence
complexes. The combination of the stability of Ti** and lower
orbital overlap of the 3d metal ion, results in less delocaliza-
tion for the titanium complex in comparison to zirconium and
hafnium, for which the instability of the Zr® and Hf** oxida-
tion states are relieved by distributing the electron between the
two metal sites. Nevertheless, all three systems demonstrate
extremely strong long-range electronic coupling that is con-
sistent with through bond coupling. Group 4 transition metal
complexes, in particular zirconium and hafnium, are oft over-
looked when designing electronic materials because of their
preference for a d° electron configuration. The systems de-
scribed in this work demonstrate that by using metal centers
with unstable oxidation states, in conjunction with an energet-
ically appropriate ligand, electronic delocalization and com-
munication between metal sites can be facilitated. This princi-
ple will be applied strategically for the development of new
electronic materials and catalysts.
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