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Chapter 5

FINISHING REMARKS

Chapters 2, 3 and 4 cover my exploration of hypoelectronic dodecaborate clusters. In Chapter 5, 1 provide a brief
discussion of the results presented in this thesis along with a few words on the current state of dodecaborate research

and my concluding thoughts.

Research into hypoelectronic dodecaborates have accelerated rapidly over the past decade. A range of promising
applications are being explored, utilizing the strong visible absorption, noncoordinating properties and highly
reversible redox: bebavior of these clusters. In this thesis I have presented an initial experimental foray into the
electronic structure of hypoelectronic [Bi2(OR )12/ clusters. Additionally, I have provided evidence indicating that a
previously unknown super-oxidized [Bi2(OR)i2]'" species can be isolated. My findings will be briefly discussed

below, along with a quick outlook on where to go from here.
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5.1 Current State of Affairs

Over the past decade, there has been a marked increase in the interest for hypoelectronic
dodecaborate clusters. Although icosahedral dodecaborate clusters were first isolated about 70
years ago, ' no hypoelectronic analogues were reported until the late 1990s when the Hawthorne
lab first isolated hypocioso-[BizMerz]” Me = CHs),” hypocloso-[B12(OBz)12)” and hypercloso-B12(OBz) 1
(Bz = CH.CsHs).” Developments in the years following these initial reports were limited to
chemical isolation and electrochemical observation of additional hypoelectronic analogues,
including a range of [B2(OR)12] clusters’ and the perhalogenated hypocloso-[B12X12]" (X = F, Cl,

56

Br, I) analogues.™ A major breakthrough came when the Spokoyny lab published a more
convenient route for microwave-assisted synthesis of Jypercloso-Bi2(OR)12,” which was rapidly
followed by publications outlining multiple interesting applications. Most notably, hypercloso-
Bi2(OR)1» carrying fluoroaryl-substituents can act as powerful photoinitiators, capable of
activating styrenes, as well as recalcitrant substrates like isobutylene.® Later work (see Appendix
A) has shown that the anionic Aypoclso-[Bi2(OR)12]" species obtained after monomer
photooxidation acts as weakly coordinating anions.” The reversible redox behavior and

noncoordinating nature of [Bi2(OR)i2] has also led to promising application in charge-storage

devices'’ and as dopants in conducting polymers.'

Systematic explorations of [Bi2(OR)12] applications are complicated by the complex in-solution
behaviors observed for the hypoelectronic clusters under many conditions. Chapter 2 gives some
examples of the issues facing researchers exploring the properties and reactivity of these species.
It took us about two years to get a good handle on the clusters, in the specific settings that we
were interested in. Other researchers exploring the clusters under different conditions would

likely have to go through similar iterative processes to find conditions that work for their needs.
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5.2 Electronic Structure and Super-oxidized Clusters

In Chapters 3 and 4 we presented our work toward understanding the electronic structure of
[B2(OR)1] clusters, including the super-oxidized [Bi2(OR)12]'* species. Our observations lead to

a few key conclusions:

1) the frontier orbitals of hypoelectronic [Bi,] clusters are confined to the cluster core and
made up primarily by boron 2p orbitals, with some contributions from oxygen 2p

orbitals

2) the spin density of both [Bi2]" and [Bi2]'" is highly delocalized across the B, pseudo-

icosahedron

3) higher oxidation states lead to increased distortion, which is demonstrated by the added
anisotropy and the appearance of an additional weak '"'B hyperfine coupling in the

[B12]1+ EPR data

4) the visible and NIR electronic transitions most likely occur between orbitals largely
confined to the cluster core, based on that the excitation energies are relatively

independent of the R-groups.

Before moving on, I want to spend a few words explaining the EPR observations. Based on the
[Bio)" and [Bi2]'" pulsed EPR data, it is clear that the HOMO(a1,) and LUMO(az,) of By’ are
located on the cluster core, not stretching beyond the oxygen atoms. In particular, the very weak
“F hyperfine interactions observed for the fluoroaryl derivatives show that no spin density is
located on the aryl rings. That we only observe a single class of '/""B and 'H hyperfine

interactions in the [Bi]" clusters strongly suggest that the ai. symmetry orbital is evenly



132
delocalized across the cluster core. Given that the [Biz]'* ENDOR spectra and the magnitude

of the strong '”/!"B hyperfine tensor is highly reminiscent of [Bi2]", we feel confident also viewing
the a2, symmetry orbital as highly delocalized. However, we suggest that oxidation to [Bi2]'" leads
to significant distortion along the z-axis, which results in a SOMO(a,,) where the spin density is
concentrated in 2p otbitals from the equatorial boron atoms. The strong '”'"B hyperfine
interaction would then correspond to spin density evenly distributed across the equatorial boron
atoms, while the weak coupling would stem from the boron atoms at the far edges in the z-

direction.

It is interesting to think about why hypoelectronic [Bi2(OR)i2] clusters are stable, given that
[BzH12]* immediately decomposes upon oxidation. Symmetry lowering has been invoked by
many authors, as raising the depopulated orbital and lowering the fully populated orbitals should
lead to lowering of the overall cluster energy. The EPR results for [Bi]'", discussed above,
substantiate this. Electron donation from the OR substituent has also been suggested as a key
contributor to the stability. *'>" Given that the redox potential of the clusters is highly dependent
on the R-group identity, this seems reasonable.”” It is interesting, however, that the B-B bonding
frontier orbitals appear to have very little density on the R-groups. Our interpretation is that the
electron donation into the By, core primarily involves oxygen lone pairs, and that the role of the

R-groups is primarily to modulate how tightly the oxygen holds on to its electrons.

5.3 Future Directions
Hypoelectronic dodecaborate clusters are interesting for a range of applications, as demonstrated
in recent publications.*"" However, many question marks still remain. Following work will need

to establish how the clusters act under various conditions, and develop systematic understand
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of their reactivity, photophysics and electrochemical properties. Once the field has matured, we

believe a rich array of powerful applications will emerge.

The ability of alkyloxy-perfunctionalized clusters to maintain super-oxidized [Bi2]'" states opens
up to questions regarding what the true oxidation limits of dodecaborate clusters are. Cyclic
voltammograms in dichloromethane do suggest a 4" oxidation for [Bi2(OEt)i2], which may
indicate that [Bi]*" could be generated in sufficiently inert solvents. Electrochemical
experiments in liquid SO, might shed light on whether the 4™ wave cotresponds to formation
of [Bi2]*', and to what extent such species are stable. It appears unlikely that further oxidation
to [Bi2]’* (and beyond) could be achieved without compromising the integtity of the Bi> pseudo-
icosahedron. Depopulation of the e, set would weaken the effects of stabilization by symmetry
lowering, which ought to result in immediate cluster decomposition. That said, we have now
learned that [Biz]'" cores can be stable, which many would have argued against using similar

reasoning. I look forward to seeing how this line of research develops.

Although the work presented in this thesis provides important insights into the electronic
structure of hypoelectronic dodecaborates, many questions remain. I will mention a few crucial
areas that need further exploration. Obtaining NIR spectra of [Biz]'" could provide the final
piece required to definitively assign the electronic transitions discussed in Chapter 4.
Furthermore, it is possible that multiple NIR bands would be observed, which would strongly
support that hypoelectronic clusters display Dsq symmetry in solution (at least in the [Bi]'" state).
More complex interpretation of the EPR data, involving modeling of the 2p orbital orientations
or computational work, will be needed to quantitatively calculate the spin densities in orbitals of

2p parentage. Additionally, data collected for alkyloxy-perfunctionalized clusters in both their
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[Bio)'" and [Buo]" states is required for proper apples-to-apples compatrisons. Finally, it would be

very interesting to investigate the highest energy occupied molecular orbitals in all oxidation
states using photoelectron spectroscopy, which has to our knowledge only been done for cso-

[B12X12)* clusters.'

The work presented in this thesis represents early attempts at describing the electronic structure
and transitions of hypoelectronic dodecaborate clusters. I hope our observations will guide
coming researchers wishing to perform more in-depth studies of the areas discussed here. I will

be excited to learn what they find and whether our interpretations hold up to the test of time.

I wish the best of luck to any and all who choose to pursue these topics!



©)

©)

S)

)

®)

©)

)

)

135
BIBLIOGRAPHY

Wunderlich, J. A.; Lipscomb, W. N. STRUCTURE OF B12H12-2 ION. J. Awm. Chen.
Soc. 1960, 82 (16), 4427-4428. https://doi.org/10.1021/ja01501a076.

Peymann, T.; Knobler, C. B.; Hawthorne, M. F. An Unpaired Electron Incarcerated
within an Icosahedral Borane Cage: Synthesis and Crystal Structure of the Blue, Air-Stable
{[Closo-B12(CH3)12] -}~ Radical. Chem. Commun. 1999, 0 (20), 2039-2040.
https://doi.org/10.1039/A905406E.

Peymann, T.,; Knobler, C. B.; Khan, S. 1; Hawthorne, M. F
Dodeca(Benzyloxy)Dodecaborane, B12(OCH2Ph)12: A Stable Derivative of
Hypercloso-B12H12.  Angew.  Chem.  Int.  Ed. 2001, 40 (9), 1664-1667.
https://doi.org/10.1002/1521-3773(20010504)40:9<1664:: AID-
ANIE16640>3.0.CO;2-O.

Lee, M. W.; Farha, O. K.; Hawthorne, M. F.; Hansch, C. H. Alkoxy Derivatives of
Dodecaborate: Discrete Nanomolecular Ions with Tunable Pseudometallic Properties.
Angerw. Chen. Int. Ed. 2007, 46 17), 3018-3022.
https://doi.org/10.1002/anie.200605126.

Boeré, R. T.; Derendortf, J.; Jenne, C.; Kacprzak, S.; KeBller, M.; Riebau, R.; Riedel, S.;
Roemmele, T. L.; Ruahle, M.; Scherer, H.; et al. On the Oxidation of the Three-
Dimensional Aromatics [B12X12]2— (X=F, Cl, Br, I). Chem. — Eur. ]. 2014, 20 (15), 4447—
4459. https://doi.org/10.1002/chem.201304405.

Boeré, R. T.; Kacprzak, S.; KeBler, M.; Knapp, C.; Riebau, R.; Riedel, S.; Roemmele, T.
L.; Rihle, M.; Scherer, H.; Weber, S. Oxidation of Closo-[B12Cl12]2— to the Radical
Anion [B12CI12].— and to Neutral B12CI12. Angew. Chem. Int. Ed. 2011, 50 (2), 549-552.
https://doi.org/10.1002/anie.201004755.

Wixtrom, A. I; Shao, Y.; Jung, D.; Machan, C. W.; Kevork, S. N.; Qian, E. A.; Axtell, J.
C.; Khan, S. L; Kubiak, C. P.; Spokoyny, A. M. Rapid Synthesis of Redox-Active
Dodecaborane B12(OR)12 Clusters under Ambient Conditions. Irnorg. Chenr. Front. 2016,
3 (5), 711-717. https:/ /doi.org/10.1039/C5QI00263].

Messina, M. S.; Axtell, J. C.; Wang, Y.; Chong, P.; Wixtrom, A. L; Kirlikovali, K. O.;
Upton, B. M.; Hunter, B. M.; Shafaat, O. S.; Khan, S. L; et al. Visible-Light-Induced
Olefin Activation Using 3D Aromatic Boron-Rich Cluster Photooxidants. . A Chen.
Soc. 2016, 7138 (22), 6952—6955. https://doi.org/10.1021/jacs.6b03568.



©)

(10)

1D

(12)

(13)

(14)

136
Axtell, J. C.; Messina, M. S.; Liu, J.-Y.; Galaktionova, D.; Schwan, J.; Porter, T. M.; Savage,
M. D.; Wixtrom, A. I; Rheingold, A. L.; Kubiak, C. P.; et al. Photooxidative Generation
of Dodecaborate-Based Weakly Coordinating Anions. Inorg. Cherne. 2019, 58 (16), 10516—
10526. https:/ /doi.org/10.1021/acs.inorgchem.9b00935.

Barton, J. L.; Wixtrom, A. L; Kowalski, J. A.; Qian, E. A.; Jung, D.; Brushett, F. R,;
Spokoyny, A. M. Perfunctionalized Dodecaborate Clusters as Stable Metal-Free Active
Materials for Charge Storage. ACS Appl. Energy Mater. 2019, 2 (7), 4907-4913.
https://doi.org/10.1021 /acsaem.9b00610.

Aubry, T. J.; Axtell, ]. C.; Basile, V. M.; Winchell, K. J.; Lindemuth, J. R.; Porter, T. M.;
Liu, J.-Y.; Alexandrova, A. N.; Kubiak, C. P.; Tolbert, S. H.; et al. Dodecaborane-Based
Dopants Designed to Shield Anion Electrostatics Lead to Increased Carrier Mobility in a
Doped  Conjugated  Polymer.  Adv.  Mater. 2019, 37 (11), 1805647.
https://doi.org/10.1002/adma.201805647.

Van, N.; Tiritiris, I.; Winter, R. F.; Sarkar, B.; Singh, P.; Duboc, C.; Mufioz-Castro, A.;
Arratia-Pérez, R.; Kaim, W.; Schleid, T. Oxidative Perhydroxylation of [Closo-
B12H12]2— to the Stable Inorganic Cluster Redox System [B12(OH)12]2—/.—:
Experiment and Theory. Chew. — Euwr. J. 2010, 76 (37), 11242-11245.
https://doi.org/10.1002/chem.201001374.

Bambakidis, G.; Wagner, R. P. Electronic Structure and Binding Energy of the
Icosahedral Boron Cluster B12t. | Phys. Chem. Solids 1981, 42 (11), 1023-1025.
https://doi.org/10.1016/0022-3697(81)90068-8.

Warneke, J.; Hou, G.-L.; Apra, E.; Jenne, C.; Yang, Z.; Qin, Z.; Kowalski, K.; Wang, X.-
B.; Xantheas, S. S. Electronic Structure and Stability of [B12X12]2—- (X = F-At): A
Combined Photoelectron Spectroscopic and Theoretical Study. J. Aw. Chem. Soc. 2017,
139 (41), 14749-14756. https://doi.org/10.1021 /jacs.7b08598.



