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ABSTRACT OF THE DISSERTATION

Expanding the Tunable Nature of Redox-Active Dodecaborane Clusters

by

Alex lan Wixtrom

Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2018
Professor Alexander Michael Spokoyny, Chair

This work describes synthetic investigations to rationally tune the redox properties of icosahedral
dodecaborate clusters through perfunctionalization of all 12 boron vertices. Functionalization in
this manner engenders redox activity of the boron cluster derivatives, with the ability to tune these
redox properties as a function of the substituent(s) used. New methods were developed to rapidly
produce perfunctionalized boron clusters under ambient conditions, enabling the accelerated
preparation of additional cluster derivatives. Several clusters featuring higher redox potentials than
any cluster derivatives to date were reported, extending the tunable range of clusters of the type
B12(OR)12 to over 1V for the same redox event. Further modification of the cluster through vertex-
differentiation by incorporating a single NO> group created a new class of B12(OR)1:NO: clusters.
These vertex differentiated clusters featured redox potentials ~ 0.5 V higher than their B12(OR)12
analogues, demonstrating a further expansion of the tunable redox properties of perfunctionalized

boron clusters. After thorough demonstration of the high degree of redox tunability possible with



perfunctionalized boron clusters, their extremely stable nature was shown via bulk electrochemical
cycling using flow cell battery testing. The B12(OR)12 derivatives tested in a symmetric cell exhibit
no observable degradation even after 1000+ hours and ~500 cycles, and a proof-of-concept all-
boron cluster flow cell battery prototype device showed stable cycling for over a week. In
summary, new methods to decorate dodecaborate clusters with a diverse array of functional groups
were reported, along with new insights on the significantly expanded available redox potential

window for these molecules.
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Chapter 1: Introduction to Boron Cluster Chemistry

The first simple borane compounds were discovered in 1912 by Alfred Stock,*~ and were
initially regarded as exotic species lacking practical value outside of academic curiosity.
Additionally, their inherent pyrophoric properties complicated their synthesis and characterization.
However, in the 1940’s, a new wave of interest in boron compounds emerged, initiated by the
hypothesis that pentaborane, BsHg, and decaborane, B1oH14, would prove to function as enhanced
rocket fuels compared to traditional hydrocarbons.?® Since B-H bond energy is higher than the C-
H bond energy found in hydrocarbon fuels, it was predicted that the boron-based fuels could serve
as better propellants. Efforts to produce suitable high-energy fuels stalled when it was discovered
that borates formed from the combustion of borane materials clog the jet engines they were
intended to power,>* though the interest brought about by these fuel application studies initiated
the so-called “renaissance era” of boron chemistry. One of the most important concepts that shaped
our modern understanding of borane chemistry was the notion of three-center two-electron
bonding in boron compounds.® Lipscomb predicted the existence of an icosahedral boron hydride
(B12H12) in 1954, which Longuet-Higgins and Roberts treated to a theoretical molecular orbital-
based approach in 1955, and they reached the conclusion that it would likely only be stable as a
dianion.>® The first experimental evidence of the predicted closo-[Bi2H12]?> was observed by
Shapiro and Williams in 1959, followed shortly by the successful isolation (albeit in a relatively
low yield) of the triethylammonium salt of closo-[Bi2H12]* in 1960 by Hawthorne and co-

workers.®

After the discovery of this new three-dimensional boron hydride, the “renaissance era” in

the field of boron cluster chemistry flourished for several decades, led by the pioneering work of



Hawthorne, Knoth, Muetterties, and several other practicioners.2%22 During the course of their
studies, the synthesis of closo-[Bi2H12]*> was improved to allow for significantly larger scale
production with much higher yields (>90%).? Perhaps the most important discovery in the history
of boron clusters is that they can undergo facile functionalization chemistry reminiscent of
classical organic molecules such as benzene, thus enabling the development of functionalized
boron clusters.®224 For years the prevailing (and largely incorrect) viewpoint of boron hydride
compounds was that they were exotic and highly unstable species, and they would rapidly degrade
when exposed to heat, acids, or bases. Efforts to utilize boron hydrides as rocket fuels were stymied
by the unavoidable borane combustion products degrading jet engine performance.®* With the
advent of the closo-[B12H12]* cluster, now possible to readily synthesize at large scales with high
yields, studies of the icosahedral cluster revealed their remarkable stability. Several different salts
of closo-[B12H12]* were subjected to harsh conditions including heating to 95 °C in strongly acidic
(3 N HCI) and basic (3 N NaOH) media with no observable degradation, and even heating the

cluster to 810 °C failed to result in degradation.?

The surprisingly exceptional thermal stability of closo-[Bi2H12]> and remarkable
resistance to extremely harsh conditions, combined with the demonstrated potential for facile
functionalization of the cluster inspired several research groups to study new derivatives of this
fascinating molecule. Knoth and co-workers were the first to report persubstitution (where all 12
vertices of the icosahedron were functionalized) of closo-[B12H12]% with halogens, isolating closo-
[B12F12]%, closo-[B12Cli2]%, closo-[B12Bri2]> and closo-[Bizli2]* clusters.t??> After successful
perfunctionalization of [B12H12]* with halogens was demonstrated, additional derivatives were

developed featuring methyl and hydroxy groups.?>%° Of these newer derivatives, closo-



[B12(OH)12]* is of particular interest as it possesses the ability to be further functionalized via

formation of ether, ester, carbonate, and carbamate linkages.?%31-33

Another unique feature found in these clusters is three-dimensional delocalization of the
electron density across the entire icosahedral cage, which allows perfunctionalized boron clusters
to access electronic states that do not conform to Wade’s rules.3* Despite the accurate prediction
that the parent dodecaborate cluster closo-[Bi2H12]> could only exist as a dianion,®
perfunctionalization with halogens, methyl, and hydroxy groups led others to investigate the
possibility of two additional oxidation states: a stable radical hypocloso-[B12R12]*" and neutral
hypercloso-[B12R12]°. Attempts to oxidize the parent closo-[BizH12]> cluster resulted in
irreversible degradation via formation of a B-B linked dimer,'® yet several perfunctionalized
cluster derivatives were found to exhibit reversible redox behavior.® In 1985, the first evidence of
a single electron oxidation of closo-[B12X12]* resulting in formation of a hypocloso-[B12X12]*
radical was reported by Rupich,® the identity of which was later confirmed by Weber and co-
workers as hypocloso-[B12Cl12]*.%" The perhydroxylated and permethylated radicals hypocloso-
[B12(OH)12]* and hypocloso-[Bi2Mei2]* were also successfully synthesized,*®* indicating these
cluster radicals are both stable and isolable species. The neutral clusters hypercloso-[B12Cli2]° and
hypercloso-[B12(OCH2Ph)1,]° were also isolated, confirming the stability of the neutral oxidation

state for these clusters.3"40

More thorough investigation of the redox properties of dodecaborate clusters was
performed by Hawthorne and co-workers focusing on the perbenzylated species [B12(OCH2Ph)12],
which was isolated in all three possible oxidation states.*® Full spectroscopic characterization of
dianionic closo-[B12(OCH2Ph)12]%, radical hypocloso-[B12(OCH2Ph)12]*, and neutral hypercloso-

[B12(OCH2Ph)1,]%) was reported in this study along with single crystal X-ray structures for all three
3



species.*® These three oxidation states were accessible via two sequential, quasi-reversible one-
electron oxidation reactions of the parent dianion.*° In a later study, the redox activity of multiple
benzyl and alkyl functionalized B12(OR)12 clusters was evaluated electrochemically, all of which
were found to exhibit similarly reversible redox behavior.3! One of the more interesting
observations from these cluster redox studies was that the redox potential of B12(OR)12 species is
rationally tunable as a function of the O-bound substituent, reminiscent of the tunable nature of
metal-based redox-active inorganic complexes.’*># While this intriguing feature certainly
warranted further study of the degree of tunability possible with B12(OR)12 clusters, all reported
synthetic routes to perfunctionalize closo-[B12(OH)12]% to date required extremely long reaction
duration (days to weeks) or highly specialized high-pressure equipment. Additionally, all synthetic
routes reported had strict inert atmospheric requirements, further complicating the production of
new derivatives.?>340 A need exists for a more robust and flexible synthetic method that would
allow development of perfunctionalized B12(OR)12 clusters under more favorable conditions, with
a significantly reduced reaction duration. This would allow for a much more rapid exploration of
novel cluster derivatives, with the ability to design cluster species with specific desired properties

for a plethora of applications ranging from photocatalysis to energy storage.



Chapter 2: Rapid Synthesis of Redox-Active Dodecaborane B12(OR)12 Clusters
Under Ambient Conditions

Alex I. Wixtrom,? Yanwu Shao,? Dahee Jung,? Charles W. Machan,® Shaunt N. Kevork,? Elaine
A. Qian,?Jonathan C. Axtell, Saeed I. Khan,? Clifford P. Kubiak® and Alexander M. Spokoyny®*

@Department of Chemistry and Biochemistry, University of California, Los Angeles

607 Charles E. Young Drive East, Los Angeles, California 90095-1569

bDepartment of Chemistry and Biochemistry, University of California, San Diego, 9500 Gilman
Drive, La Jolla, California 92093-0358

* Corresponding author. E-mail: spokoyny@chem.ucla.edu

We have developed a fast and efficient route to obtain perfunctionalized ether-linked alkyl and
benzyl derivatives of the closo-[B12(OH)12]% icosahedral dodecaborate cluster via microwave-
assisted synthesis. These icosahedral boron clusters exhibit three-dimensional delocalization of the
cage-bonding electrons, tunable photophysical properties, and a high degree of stability in air in
both solid and solution states. A series of closo-[Bi2(OR)12]%, hypocloso-[B12(OR)12]* and
hypercloso-[B12(OR)12]° clusters have been prepared with reaction times ranging from hours to
several minutes. This method is superior to previously reported protocols since it dramatically
decreases the reaction times required and eliminates the need for inert atmosphere conditions. The
generality of the new microwave-based method has been further demonstrated through the
synthesis of several new derivatives, which feature redox potentials up to 0.6 VV more positive than
previously known B12(OR)12 cluster compounds. We further show how this method can be applied
to a one-pot synthesis of hybrid, vertex-differentiated species B12(OR)11(OR’) that was formerly

accessible only via multi-step reaction sequence.



Introduction

The existence of an icosahedral dodecaborate [Bi2H12] cluster was first predicted by
Lipscomb and co-workers in 1954.° In a subsequent theoretical molecular orbital-based approach
published in 1955°, Longuet-Higgins and Roberts predicted that such a cluster would only be stable
as dianionic [B12H12]*. A 1959 study by Shapiro and Williams’ suggested the possible formation
of a [Bi2H12]* icosahedron, and in 1960 this cluster was first successfully isolated and
characterized as a triethylammonium salt by Pitochelli and Hawthorne, albeit in a relatively low
yield.®2 Subsequent pioneering studies by Hawthorne, Knoth, Muetterties, and others initiated a
new era in the field of boron cluster chemistry.?%-22 Specifically, these groups have shown that
[B12H12]%> can be prepared on a large scale in a high yield (>90%)? and undergo facile
functionalization chemistry that parallels some properties of classical organic molecules (e.g.
benzene).>2%24 This was an exciting discovery, since previously many boron hydride clusters were
perceived as highly unstable species prone to fast degradation by heat, acids, and bases.
Conversely, [B12H12]* salts were shown to be stable in acids and bases, and were thermally stable
as high as 810 °C with no observable decomposition.?* Knoth and co-workers were the first to
demonstrate the persubstitution of [Bi2H12]*, producing halogenated [Bi2Fi2]*, [B12Cli2]?%,
[B12Bri2]% and [Bi2112]* derivatives.'2? In the past two decades, persubstitution of [B12H12]> was
improved with new synthetic methods and extended towards other functional groups including
[B12Mei2]* and [B12(OH)12]%.26-% Among the perfunctionalized derivatives synthesized, closo-
[B12(OH)12)? is particularly appealing, as it is capable of undergoing further functionalization by

forming ether, ester, carbonate, and carbamate linkages.?®3%-32

While controlled oxidation of the parent [B12H12]* anion leads to an irreversible cluster

degradation forming a B-B linked dimer,”® several perfunctionalized variants have been

6



previously observed to undergo reversible redox behavior.>® For example, Rupich reported that
[B12X12]% could undergo a single electron oxidation to form a stable radical [B12X12]*,*® which
was recently isolated and structurally confirmed as the oxidized radical [B12Cli2]* species by
Weber and co-workers.>” Hawthorne and co-workers reported that the perfunctionalized
B12(OCH2Ph)12 cluster can exist in three distinct redox states accessible via two sequential and
quasi-reversible one-electron oxidation reactions of the parent dianionic closo species.*® The same
group later showed that other benzyl and alkyl functionalized Bi2(OR)12 clusters can be
synthesized, and all of these species exhibit similarly reversible redox behavior.3! Schleid and co-
workers subsequently showed that the parent [B12(OH)12]* cluster can undergo a one-electron
oxidation to form a stable radical [B12(OH)12]} species.®® Interestingly, the redox potential of the
ether-linked B12(OR)12 species can be rationally tuned as a function of the O-bound substituent,
reminiscent of many metal-based redox-active inorganic complexes.3**>%! Unfortunately, all of
the reported synthetic routes towards B12(OR)12 clusters currently require either extremely long
reaction times (weeks) or highly specialized high-pressure equipment. Furthermore, in all cases

strict inert atmospheric conditions are also required for their synthesis. %340

Herein we report a rapid, scalable, and robust synthetic route to a wide range of
perfunctionalized B12(OR)12 cluster derivatives utilizing a bench-top microwave reactor. This
technology has emerged over the past several decades and has been successfully employed in a
large number of synthetic schemes*? which necessitate the reaction heating above the boiling point
of the solvent. Our work shows that the microwave-based method enables synthesis of
perfunctionalized ether-linked boron clusters within minutes and does not require the use of inert
atmosphere and rigorously dried solvents. We further show the synthetic utility of our method in

the preparation of previously unknown Bi12(OR)12 derivatives featuring highly oxidizing redox



potentials as well as vertex-differentiated molecular architectures. Synthesized cluster species
were all isolated and characterized using solution-based NMR and IR spectroscopic tools and mass
spectrometry. Electron delocalization of the radical state in these species was further evaluated by
electron paramagnetic resonance (EPR) spectroscopy and elucidated by X-ray photoelectron

spectroscopy (XPS).

Results and Discussion

The tetrabutylammonium (TBA) salt of closo-[B12(OH)12] (TBA2[1]) was chosen for use
with our microwave synthesis due to its enhanced solubility in organic solvents compared to alkali
metal salts of 1 (Figure 1).3! The synthesis of TBAz[1] was adapted from previously reported

protocols by Hawthorne and co-workers (see Sl for details).314344

(OR)12

Figure 1. Synthetic route to produce functionalized ether-linked derivatives of the hypercloso
boron clusters (2-14) via microwave-assisted synthesis. Precursor synthesis of [1]> was adapted
from previously described methods (see Sl for details).314344

Oxygen-free, anhydrous conditions (oven-dried glassware, dried and distilled solvents,
nitrogen atmosphere) were initially employed for microwave-assisted syntheses of alkyl- and
benzyl-functionalized closo-[B12(OH)12]* [1] ether-linked derivatives, due to previously described

high-pressure and reflux-based methods necessitating stringent air and moisture free conditions.



To our surprise, we discovered that microwave reactions utilizing previously reported conditions
(benzyl bromide and TBA2[1] in the presence of N,N-diisopropylethylamine (DIEA, Hiinig’s base)
in acetonitrile) are driven at a much higher rate, resulting in quantitative formation of a mixture of
charged 1-/2- TBA salts of 2 within 15 minutes at 140 °C, as indicated by in situ B NMR
spectroscopy. Specifically, no parent !B NMR resonance at & —18 corresponding to the
[B12(OH)12]? starting material is observed, and a singlet at 5 —16 can be seen instead. Concomitant
presence of [2]} radical species in the product mixture can be deduced from the diagnostic pink
color of the solution and its measured signature EPR signal (G-factor = 2.008121). Oxidation of
the reaction mixture using FeCls-6H2O in 90/10 ethanol/acetonitrile followed by column
chromatography on silica gel produces the pure neutral cluster [2]° in 63% yield (Figure 2).
Oxidation can be conveniently monitored by !B NMR, where the fully oxidized cluster [2]°
exhibits a downfield resonance shift at 6 41.8. Overall, this represents a significant reduction in
reaction duration from the originally reported 6 days and 4 hours required for reflux and high-

pressure reactor methods, respectively, while retaining similar yield.®

1-12-
A |
. ~
iPr,NEt p{&}i A Oxidation
—_—
B0
Q
Reflux 6d|69%
Autoclave @ 4h 65%
Microwave § 15 min 63%

Figure 2. Synthesis of 2 from TBA2[1] using microwave-based method along with two previously
reported methods indicating dramatic reduction in reaction time without compromising the isolated
yield of [2]0.3¢




Encouraged by these results, we then optimized the microwave reaction times with allyl
bromide and bromoethane reagents independently, and in both cases observed that complete
substitution can be accomplished within 15 - 30 minutes at 140 °C. These compounds were isolated
in their fully oxidized neutral form in a similar fashion to [2]° (compounds [3]° and [4]°,
respectively; Figure 3). Notably, previously reported high-pressure reactor synthesis of these
species required 3 and 12 hours, respectively, for alkylation to occur at all twelve vertices,
suggesting that the microwave-based method can be generally applied to several classes of ether-

linked B12(OR)12 clusters and is potentially superior to the previously developed methods.!

The relatively short perfunctionalization reaction times made possible by this new
microwave technique prompted us to investigate whether it would be possible to utilize ambient
synthetic conditions. Specifically, we hypothesized that the fast rate of product formation would
outcompete the rate of degradation stemming from the presence of adventitious air and moisture
during the synthesis. We therefore tested the synthesis of 2 using as-received non-dried acetonitrile
(see SI) with the reagents added to a reaction vessel open to air. The open-air synthesis of 2
proceeded with full conversion in 15 minutes as indicated by !B NMR spectroscopy on the crude
mixture. Following the normal work-up procedure (see Sl), [2]° was isolated in a 63% yield,
suggesting that rigorous exclusion of air and moisture is not necessary for this transformation. This
open-air synthesis method was successfully used for all subsequent ether-based cluster syntheses
reported in this work. We decided to further explore the scope of this transformation by using
longer-chain alkyl substituents. Hexyl chain substitution required increased reaction times
compared to the shorter ethyl substituent, yet persubstitution was still achieved within two hours,
as opposed to 8 hours when using a high-pressure reactor®! (isolated as [5]°, Figure 3). This

increased reaction time likely stems from the increase in the length and size of the alkyl reagent
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affecting the kinetics of the reaction.*>#® To further probe the limits of the microwave-based
method we tested hexene- and undecene-based electrophiles, and even with the requisite increase
in reaction time to 7 and 8 hours respectively, persubstitution proceeded to full conversion. Neutral
[6]° and [7]° were isolated in 43% and 28% vyields, respectively, after oxidation and normal
purification procedures (Figure 3). These derivatives have not been synthesized prior to this report,
and their preparation illustrates how one can dramatically increase the size of these ether-based
dodecaborate clusters via a direct linkage of large substituents featuring terminal olefins onto

[Blz(OH)lz]Z_.

15 min, 63% 15 min, 77% 30 min, 80% 2 h, 56%
(lit 6d, 89% (lit 7d, 55% (lit 12h, 70%) (lit 23 d, 80%
or 4h, 65%) or 3h, 60%) or 8h, 75%)

5 min, 33% 30 min, 43%
(lit 5h, 55%) (lit Sh, 70%)

1- TBA+

30 min, 67% 30 min, 56%
Figure 3. Synthesized B12(OR)12 clusters via microwave-based method. Yields are reported for
the species isolated in a designated oxidation state as an average of two independent trials. For
previously synthesized species, reported yield is given for comparison.3! *Additional 8% of 1-/2-
non-oxidized species collected.
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Based on the success of the long-chain olefin-containing moieties, we investigated the
compatibility of this system with less stable reagents by using ethyl 4-bromobutyrate with
TBA[1]. Perfunctionalization with ethyl butyrate has been challenging using prior synthetic
methods, requiring multiple-step sequential additions of the alkyl halide and Hiinig’s base for 20
days while being handled under inert atmosphere conditions.*” However, utilizing microwave-
assisted synthesis, the same product (Figure 3, [8]°) was obtained via a single 1.5 hour reaction,
followed by oxidation with FeClz-6H.O overnight and purification with column chromatography

on Sephadex™ and silica gel.

Benzyl-substituted ether-based clusters can feature a high degree of electrochemical
tunability as a function of the substituents attached to the aromatic ring.** Our method allows for
the efficient synthesis of clusters containing both electron-rich (9) and electron-withdrawing (10)
benzyl derivatives in yields matching previous methods but with significantly reduced reaction
times (Figure 3). We were further intrigued by the possibility of extending the accessible
electrochemical window for this class of compounds by utilizing benzyl halide precursors
containing highly electron-withdrawing substituents. The perfunctionalized cluster featuring a
trifluoromethyl (CF3) group attached to the para position of the benzyl moiety was prepared using
our method in 30 minutes, and following oxidation the isolated neutral compound [11]° was
obtained in 66% yield (Figure 3). The oxidation potential of [11]*/[11]% (E12 = 0.56 V vs Fc/Fc*)
measured by cyclic voltammetry (CV) is particularly notable since it is higher than any reported
B12(OR)12 cluster to date (previously 0.09 V vs Fc/Fc*). Plotting the Hammett constants of

various benzyl substituents*® versus the redox potentials of [B12(OR)12] clusters perfunctionalized
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with these groups*! (Figure 4) indicates the oxidation potential of these clusters can be rationally

extended beyond the previously reported electrochemical window.
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Figure 4. (a) Redox potential of [B12(OR)12]*"* and (b) [B12(OR)12]*" substituted with various
benzyl substituents plotted vs Hammett constants.®# Previously characterized** (black) and new
(red) [B12(OR)12]° clusters are shown.
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For example, according to the trend suggested by this Hammett plot, a para-nitrobenzyl-
substituted cluster should exhibit a higher 1-/0 oxidation potential than 11 (Figure 3 and Figure
4).%® The perfunctionalized cluster 12 featuring para-nitro (NO2) substituent attached to the benzyl
was successfully synthesized using our method in 30 minutes, however, oxidation of the reaction
mixture containing [12]%* with FeCls-6H,0 did not produce any hypercloso-neutral species [12]°.
Instead, the radical cluster species [12]} was isolated as the only product in 67% yield (Figure 3).
This is not surprising, given the predicted oxidation potential for the [12]*/[12]° redox couple is
more positive than the oxidizing strength of FeCls-6H.0.#® Attempts to use stronger chemical
oxidants (e.g. ceric ammonium nitrate) resulted in cluster degradation. Furthermore, insufficient
solubility of [12]* as a TBA salt precluded us from obtaining CV measurements for this derivative.
Nevertheless, convinced we could expand the electrochemical window for Bi2(OR)12 species
featuring benzyl-based substituents, we turned our attention to a potentially more soluble

compound containing a 3,5-bis(trifluoromethyl)benzyl group instead.
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Figure 5. (a) Reversible redox activity of 13; (b) Cyclic voltammogram (CV) demonstrating two
independent, one-electron oxidation/reduction waves between 2-/1-, and 1-/0 states (1 mM 13 with
0.1 M TBAPFs in CH2Cly; glassy carbon working electrode, Pt wire counter electrode, Ag/AgCI
pseudoreference electrode behind a CoralPor tip; referenced to an internal ferrocene standard); (c)
Infrared spectroelectrochemical (IRSEC)**° analysis of 0/1-/2- states of 13; (d) 1°F NMR spectra
of [13]* and [13]> with EPR of [13]* (inset); (e) UV-Vis spectra of [13]* and [13]%.

Using the microwave method described above, cluster 13 was synthesized in 30 minutes.

Interestingly, unlike all of the synthesized clusters reported thus far, the post-microwave reaction

mixture was colorless, which is a characteristic feature of the pure dianionic state [13]% for these

clusters. The lack of color persisted even after column chromatography purification on silica gel
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in air. The identity of the pure isolated TBA salt of [13]> (73% vyield) was validated by full
spectroscopic characterization and mass spectrometry (see SlI). Oxidation of [13]% with
FeCls-6H20 did not produce the neutral cluster, rather the pure [13]* radical species was isolated
in 78% vyield, resulting in 56% net yield for [13]' species starting from TBA2[1]. Use of stronger
chemical oxidants such as ceric ammonium nitrate (CAN) degraded the boron cage, producing a
diagnostic 'B NMR resonance at § 20 characteristic of borates.>! Nevertheless, we were able to
observe neutral cluster [13]° electrochemically via infrared spectroelectrochemistry (IR-SEC) and
cyclic voltammetry (CV) in CH2Cl, (Figure 5, B, C). CVs of [13]* as the TBA salt in CH2Cl.
showed two quasi-reversible redox features at -0.05 V and 0.68 V vs Fc/Fc*, corresponding to the
2-/1- and 1-/0 transitions, respectively. IR-SEC experiments where the applied potential was
increased to more positive potentials incrementally on the TBA salt of [13]%> showed subtle
changes in the IR stretching modes for all three oxidation states of [13] around 1130-1140 cm?
and 1200-1220 cm™. The shift in these IR bands assigned to the B—O bond® to higher
wavenumbers from [13]%/[13]*/[13]° is consistent with those observed in the same region for the
analogous para-CFs compound [11]° which can be isolated in its neutral form via direct synthesis
(see SlI). The high oxidation potential for the [13]*/[13]° redox couple observed from cyclic
voltammetry (E12 = 0.70 V vs Fc/Fc*) is notable since it is the highest observed 1-/0 oxidation
potential for the B12(OR)12 class of clusters reported to date*! and is ~130 mV higher that the para-
CF3 benzyl cluster 11. F NMR spectroscopy provides another diagnostic handle on the oxidation
state of this compound (Figure 5, D). !B NMR spectra for these clusters typically show a singlet
around o -14 to -16 for the 2- state, though the 1- state is silent due to the presence of the
paramagnetic radical (confirmed by EPR, Figure 5D (inset)). However, with °F NMR

spectroscopy, a shift from a singlet resonance in [13]? at & -63.36 to a broad singlet at & -63.24 for
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[13]* was observed. This broadening is consistent with the paramagnetic nature of [13]%, where F
atoms are located far enough from the unpaired electron-carrying Bi2-based cluster core to be

resolved by °F NMR spectroscopy.
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Figure 6. (A-B) Solid state X-ray structures for [13]* and [11]° shown with 50% thermal ellipsoid
probabilities for the boron atoms (hydrogen atoms omitted for clarity). B atoms are blue, O — red,
C —black, and F — green. Selected bond lengths and angles of the boron cores (substituents omitted
for clarity) for [11]° and [13]* are shown on the bottom. Overlay of the two cores ([13]* in blue,
[11]°in red) is depicted in the middle.
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The structural parameters of the boron clusters featuring persubstituted vertices can exhibit
significant distortions in the solid state as a function of the substituent and the redox state as
determined by X-ray crystallographic studies. Specifically, [2]? exhibits nearly identical B-B
bond distances (1.781(4) — 1.824(4) A) and angles (B—B—B 107.798°<a<109.229°) as expected for
a perfect icosahedron, yet as the cluster is oxidized to the electron-deficient [2]* the structure
expands and distorts slightly, with further distortion observed in the neutral state.*® Additionally,
the B-O bond lengths decrease as the cluster is oxidized from [2]>, which contains the longest
average B—O distances, to the neutral [2]° state with the shortest B-O distances.*® This observed
trend of B-B bond lengthening, B—O bond contraction, and B-B-B angle distortion within the
core as a function of cluster oxidation state is supported qualitatively by the crystal structures for
neutral [11]° and radical [13]* (Figure 6), which show comparable changes to those observed
between [2]* and [2]°. Selected bond lengths and angles for [11]° and [13] are shown in Figure

6.

X-ray photoelectron spectroscopy (XPS) has been widely used to study oxidation states in
inorganic compounds.>*-°¢ We therefore decided to utilize this technique to further elucidate the
oxidation state and effect of functionalization for these boron clusters. Boron XPS spectra for
several representative clusters synthesized in our study (Figure 7) indicate a clear trend observed
in the shift of B-B bond peak energies depending on the redox state of the functionalized cluster.
The observed geometric distortion of these boron cluster icosahedra with oxidation from 2- to 1-
and further to neutral species results in an increased B—B binding energy (Figure 7A). The nature
of the substituents also produces a clear trend in these measurements, as compound 13 also exhibits
an increase in B—B binding energy as the cluster increases in oxidation state from [13]? to [13]*

(Figure 7B), yet both are higher in energy than that of neutral cluster [11]°. However, despite the
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change in oxidation potential and binding energy observed from the XPS data from substituent
effects, the nature of the electron radical delocalization throughout the boron-based core remains
consistent. A single, broad symmetric EPR signal centered between 3450 and 3500 Gauss was
observed for all cluster species isolated in the radical form with g values ranging between 2.0079
and 2.0081 depending on the substituent (see SI). Due to the 3D delocalization of the single
electron across the 12 boron nuclei comprising the cluster, there exist a large number of possible
hyperfine couplings.®® Overlap of these hyperfine couplings ultimately gives rise to the single

broad line observed in the EPR spectra.
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Figure 7. (a) Boron XPS spectra for TBA2[1]>, TBA[12]*, and [11]° showing an increase in B—
B bond energy with increasing oxidation state; (b) Boron XPS spectra for TBA2[13]> and
TBA[13]* indicating the higher B-B bond energies of the [13]? and [13]* anions compared to the
other substituted clusters.
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In addition to previously mentioned benefits such as shortened reaction durations and the
lack of stringent requirements for inert reaction conditions, microwave-assisted synthesis allows
for one-pot, single-step reactions that would otherwise require more elaborate protocols.
Monosubstitution of a benzyl ligand followed by persubstitution of the remaining eleven vertices
has previously required a lengthy process involving multi-step syntheses,>’ whereas we
demonstrate a one-pot approach enabled by our microwave-based method. For example, mixed-
substituent B12(OEt)11(OBnN) cluster (14, Figure 8) can be formed in a single step simply by adding

a stoichiometric amount of the desired reagents into a single reaction vessel.
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Figure 8. One-pot synthesis of vertex-differentiated hypercloso cluster [14]° from a 60:1:1 molar
mixture of benzyl bromide:bromoethane:TBA[1]. Isolated yield of [14]° was 18% (compound
[41° was also formed as an additional product of the reaction). !B NMR spectra indicates loss of
the icosahedral symmetry due to vertex differentiation, *H NMR integrations show 24H (CH.) and
36H (CHBa) for the 11 ethyl groups and 2H (CH>) and 5H (Ph) for the single benzyl moiety.
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This reaction was completed in 30 minutes, producing three distinct species as a mixture
which were oxidized with FeCls-6H2O as previously described and subsequently isolated via
column chromatography on silica: the perfunctionalized ethyl cluster [4]°, a small amount (<5%)
of di-substituted [B12(OEt)10(OBN)2]° clusters, and the desired [14]° in 18% yield. This method
represents a significantly faster route to produce this class of [B12(OR)11(OR’)] mixed-substituent

clusters.

Conclusions

A rapid microwave-assisted synthetic route to perfunctionalized ether-linked B12(OR)12
clusters is disclosed and the robust nature of the technique demonstrated by the synthesis and
characterization of multiple derivatives of 1. For previously synthesized compounds, reaction
duration was significantly reduced and prior requirements for oxygen-free and anhydrous reaction
conditions were eliminated. Our method also allows for a unique one-pot synthesis of mixed-
substituent clusters with good selectivity under the same open-air conditions. The cluster species
described here maintain the attractive properties of earlier derivatives, behaving as redox-active
cores which show delocalization of electrons throughout the entire 3D boron cage, while the new
functional groups provide a significant expansion to the available tuneable redox potential window

for this class of clusters.
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Supporting Information

Experimental Section

General considerations. Initial microwave synthesis reactions were carried out under an inert
atmosphere of nitrogen using standard glovebox techniques. All post-microwave work-up and
characterization was performed under ambient conditions. All reactions designated as “open-air”

were carried out and worked up under ambient conditions. The “ambient conditions” for this

manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air.

Materials. Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as
received. MilliQ water described in this manuscript refers to purified potable water with a
resistivity at 25 °C of <18.2 MQ-cm. [NEtsH]2[B12H12] was purchased from Boron Specialties
(USA). Ethanol (200 proof) was purchased from Decon Labs and used as received. FeClz-6H>0O
(>97%), CsOH-1H20 (>99.5%), H202 (30% in H>0), [N"Bus]OH (40% in H20), bromoethane
(>99%), 6-bromo-1-hexane (98%) allyl bromide (99%), 4-nitrobenzyl bromide (99%), acetonitrile
(>299.9%), CH2Cl2 (>99.5%), ethyl acetate (>99.5%), hexanes (>98.5%), methanol (>99.8%), N,N-
diisopropylethylamine (>99%), and tetrabutylammonium hexafluorophosphate (>99.0%,
electrochemical grade and 98%, recrystallized from ethanol and dried under vacuum at 90 °C)
were purchased from Sigma-Aldrich. Benzyl bromide (99%) and ethyl 4-bromobutyrate (98%)
were purchased from Alfa Aesar, and 4-methylbenzyl bromide (98%) was purchased from Acros.
6-bromo-1-hexene (98%), undec-10-enyl bromide (95%), 4-trifluoromethylbenzyl bromide
(99%), and 3,5-bis(CF3)2-benzyl bromide (97%) were purchased from Oakwood. All reagents

were used as received unless otherwise indicated.

Instruments. Bruker AV400 and AV500 spectrometers were used to obtain 1B, 3C{*H}, H, and

F NMR spectra and Bruker Topspin software was used to process the NMR data. *C{*H} and
23



'H NMR spectra were referenced to residual solvent resonances in deuterated solvents (due to high
humidity H.O resonances are often present). B and °F NMR spectra were referenced to BFz-Et,0
and CFClz standards, respectively. A Bruker EMX EPR spectrometer was used to acquire EPR
spectra, with all spectra collected in CH.Cl, at ambient temperature. Mass spectrometry data was
acquired using a Thermo Scientific™ Q-Exactive™ Plus instrument with a quadrupole mass filter
and Orbitrap mass analyzer (compounds 2-13), and a Thermo Instruments Exactive Plus with
lonSense ID-CUBE DART source instrument for compound 14. IR spectroscopy was acquired on
solid samples using a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a diamond
universal ATR probe. X-ray photoelectron spectroscopy (XPS) data was acquired using an AXIS
Ultra DLD instrument (Kratos Analytical Inc., Chestnut Ridge, NY, USA) with a monochromatic
Al Ka X-ray source (10 mA for survey and high-resolution scans). A 300 x 700 nm oval spot size
and ultrahigh vacuum (10 Torr) were used, with 160 eV pass energy for survey spectra and 20
eV for high-resolution spectra of B 1s using a 200 ms dwell time and 20 scans. All XPS peaks
were externally referenced to the C 1s signal at 284.6 eV. The experimental setup and design of

the infrared-spectroelectrochemistry (IR-SEC) cell has been published previously.*®°

X-ray data collection and processing parameters. For [11] and [13]*, a single crystal was
mounted on a nylon loop using perfluoropolyether oil and cooled rapidly to 100 K with a stream
of cold dinitrogen. Diffraction data were measured using a Bruker APEX-11 CCD diffractometer
using Mo-K, radiation. The cell refinement and data reduction were carried out using Bruker
SAINT and the structure was solved with SHELXS-97. All subsequent crystallographic

calculations were performed using SHELXL-2013.

Cyclic voltammetry and IRSEC. Cyclic voltammetry was performed on [11] and [14] using a

CH Instruments CHI630D potentiostat with a glassy carbon disc working electrode, platinum wire
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counter electrode, and Ag/Ag*™ wire pseudoreference. All experiments were conducted in 0.1M
[N"Bus]PFe/CH2Cl> with 0.5 mM analyte concentrations (11.2 mg in 10 mL for [11] and 3.7 mg
in 10 mL for [14]). The CH2Cl was dried in house with a custom drying system running through
two alumina columns prior to use. The solution was degassed by bubbling Ar, and the cyclic
voltammetry was performed under Ar gas. For [11], a scan rate of 0.1 mV/s was used with Fc/Fc*
as an external standard. For [14], a scan rate of 0.5 mV/s was used with Fc/Fc™ as an internal

standard.

IRSEC and cyclic voltammetry for [13] were performed using a Pine Instrument Company
model AFCBP1 bipotentiostat and BAS Epsilon potentiostat, respectively. For IR-SEC, as the
potential was scanned, thin-layer bulk electrolysis was monitored by Fourier-Transform
Reflectance IR off the electrode surface. All experiments were conducted in 0.1 M
[N"Bus]PFe/CH2ClI> solutions with analyte concentrations of ~5 mM (13.9 mg in 1 mL) prepared
under a nitrogen atmosphere. The IR-SEC cell used a glassy carbon working electrode, Pt wire
counter electrode, and Ag wire pseudoreference electrode. The anionic [N"Bua]2[13]* was used

for IRSEC, starting at resting potential and increasing to more oxidizing potentials stepwise.

Microwave Synthesis. Microwave reactions were performed using a CEM Discover SP
microwave synthesis reactor. Except where noted otherwise, all reactions were performed in glass
10 mL microwave reactor vials purchased from CEM with silicone/PTFE caps. Flea micro PTFE-
coated stir bars were used in the vials with magnetic stirring set to high and 15 seconds of
premixing prior to the temperature ramping. All microwave reactions were carried out at 140 °C
with the pressure release limit set to 250 psi (no reactions exceeded this limit to trigger venting)
and the maximum wattage set to 250W (the power applied was dynamically controlled by the

microwave instrument and did not exceed this limit for any reactions). Column chromatography
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was performed using 2.0 - 2.25 cm inner diameter glass fritted chromatography columns with 20-
30 cm of slurry-packed silica gel to ensure full separation of reagents and products. Unfiltered

pressurized air was used to assist column chromatography.

Dicesium dodecahydroxy-closo-dodecaborate Csz[1]

CsOH-H20 (14.00 g, 83.4 mmol) was dissolved in methanol (130 mL) in a 300 mL glass round
bottom flask. [NEtsH]2[B12H12] (13.3758 g, 38.9 mmol) was added along with a PTFE-coated stir
bar, and the reaction was left to stir vigorously for 18 h at ambient temperature. The cloudy
suspension was then filtered through a 60 mL fritted glass funnel and washed with methanol (3 x
20 mL). The resulting white solid was dried on the frit for 1.5 h then left under high vacuum for
12 h and complete conversion to Csz[closo-Bi2H12] was confirmed by the absence of amine
resonances in the *H NMR spectrum. Alternatively, commercially-obtained Csz[B12H12] (98%,

Strem) can be utilized for hydroxylation.

Note: The perhydroxylation procedure described herein should always be undertaken with
caution and careful planning in order to ensure the Csz[B12H12] reagent is pure and contains no
organic contaminants. Blast shielding to contain any possible explosions should be utilized. Under
no circumstances should the hydrogen peroxide used in the reaction come into contact with any
organic material or solvents due to the possibility of an explosion. Synthesis of Csz[B12(OH)12]
and the ion exchange to produce [N"Bus]2[B12(OH)12] have been described elsewhere,**4* but will
be reported here for convenience. Csz[B12H12] (15.0 g, 36.8 mmol) was added to a glass three-
necked round bottom flask with a water-cooled condensing coil in the top slot. The rear neck outlet
contained a stopcock for venting pressure, and the front outlet was sealed with a glass stopper and
secured with a plastic Keck clip. The apparatus was suspended in a silicone oil bath on a hot plate
and secured, with a blast shield in front as a precaution against any potential explosion. The oil
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bath was heated to 95 °C, and a 50 mm oval PTFE stir bar was added to the flask, and the reaction
was initiated with the addition of H20. (50 mL, 30% in H2O). The flask was stoppered and the
mixture allowed to stir at that temperature for 2 h. After 2 h, additional H.O2 (12 mL) was added,
with the flask being vented, the glass stopper removed, and upon completion of addition, re-
stoppering the flask. This addition of H.O, was repeated every 2 h until a total volume of 60 mL
was added to the reaction mixture. Upon completion of the addition, the oil bath temperature was
increased to 105 °C, and additional H.O> aliquots (10-15 mL) were added every 2 - 3 days, cooling
the solution in the flask by raising it out of the oil bath and leaving it to cool for 20 — 30 minutes
prior to each addition. After 14 days, the progress of the reaction was assessed via !B NMR, with
reaction completion indicated by the appearance of a broad resonance at -18.0 ppm corresponding
to Csy[B12(OH)12] and the disappearance of the resonance at -16 ppm corresponding to unreacted
Csz[B12H12]. Once the reaction is complete (as assessed by !B NMR), the mixture was cooled to
2 — 8 °C and cold MilliQ water was used to transfer the solution and solid product to a 150 mL
glass fritted filter funnel. The crude product was washed with additional MilliQ water prior to

drying on the filter frit under water-aspirator vacuum for 6 — 12 hours. Yield: 18.8 g (85 %).

From this point, N"Bus will be referred to as TBA. For the cation exchange, Dowex 50X8
(100-200 mesh, hydrogen form, Sigma-Aldrich) was washed with MilliQ water in a 500 mL glass
beaker until neutral (decanting and discarding the wash fractions), and [TBA]JOH (40% in H20)
was added in 10 mL increments until basic with magnetic stirring using a 50 mm PTFE coated
standard stir bar. After 30 minutes, the pH was assessed again, and if no longer basic, additional
[TBA]OH was added to restore basicity and left to stir overnight covered with a watch glass. The
resin was slurry-packed into a 5 x 30 cm column wrapped with heating tape (controller set to hold

temperature at 50 °C), and washed with MilliQ water until neutral. Csz[B12(OH)12] (5.996 g,
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10.0 mmol) was dissolved in boiling water (600 mL), cooled to 50 °C and slowly added to column.
The product was washed with an additional 750 mL of 50 °C water, and the product was
concentrated in vacuo and lyophilized to produce pure TBA2[1]. Yield: 6.90 g (85 %). TBA2[1] is
a white solid. 'H NMR (500 MHz, CDCls): & 4.66 (s, 12H, OH), 3.08 (m, 8H, N-CHy), 1.54 (m,
8H, N-CH2CH,), 1.25 (m, 8H, N-(CH.)>2CH>), 0.84 (m, 12H, N-(CH2)3CHs). 'B{*H} NMR (128
MHz, D>0O): 6 -17.9. Note: TBA2[1] is air-stable, but hygroscopic. Store under inert atmosphere
or in a sealed desiccator to prevent excess absorption of water over extended periods of time under

storage.

General ether alkylation/benzylation of TBA:2[1] to Bi2(OR)iz microwave procedure
Reactions were performed using TBA2[1] which was weighed and placed into a 10 mL glass
microwave vial and transferred out of a nitrogen-filled glovebox, being opened to the air prior to
synthesis. The acetonitrile solvent, base, and alkyl reagents were all used under ambient
temperature and pressure conditions with no additional purification or drying. Note: the initial
inert-atmosphere trials mentioned in the main text for 2, 3, and 4 were prepared inside a nitrogen-
filled glovebox using rigorously anhydrous solvent. Once the PTFE/silicone cap was placed on
the microwave vial it was transferred out of the glovebox and the reactions were performed
identically to the open-air reactions. TBA2[1] (50.0 mg, 0.061 mmol) was transferred to a 10 mL
glass microwave vial containing a flea micro stir bar and dissolved in acetonitrile (1 mL). N,N-
diisopropylethylamine (Hiinig’s base, 0.2 mL, 1.15 mmol) and alkyl halide (7.6 mmol) were
added, and a PTFE/silicone cap was placed on the microwave vial. The mixture was heated to 140
°C with stirring in the microwave for 5 min to 8 hrs (depending upon the alkyl halide), with the
progress of the reaction monitored via *'B NMR spectroscopy. Multiple resonances between -14

and -16 ppm are first observed, indicating partial substitution of the 12 vertices. The reaction has
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reached completion when these resonances coalesce to a broad singlet resonance between -14 and
-16 ppm corresponding to the fully substituted [B12(OR)12]* species. The color of the reaction
mixture is typically a faint yellow initially, with the completed reaction mixture changing to a
pink/purple, faint pink, or deep red/orange color indicative of the 1- species. Upon completion of
the reaction, excess acetonitrile and base were removed via rotary evaporation. With the exception
of 3, 4, 6, and 14 the remaining reaction mixture containing product and unreacted alkyl halide
were separated via column chromatography with silica gel. The unreacted alkyl halide (clear and
colorless or slightly yellow/orange, UV active) was eluted first, followed by the elution of the
remaining pink/purple product mixture consisting of 1-/2- species (note that the 2- species is
colorless). The excess solvent was removed via a rotary evaporator, and the remaining 1-/2-
product mixture was dissolved in a 90/5/5 ethanol/acetonitrile/MilliQ H2O or 90/10
ethanol/acetonitrile mixture and transferred to a 50 mL round bottom flask. FeCls-6H.0 (0.3 g,
1.11 mmol) was added to the dissolved mixture, and subsequently stirred vigorously for 12-24 h
at ambient temperature. The solvent was removed from the resulting dark orange/brown mixture
via rotary evaporation, and the neutral [hypercloso-Bi12(OR)12]° or radical TBA[hypocloso-
B12(OR)12]* product was separated from the FeCls-6H20 via column chromatography with silica
gel. A dark orange, yellow-orange, or red-orange band consisting of neutral [hypercloso-
B12(OR)12]° was eluted with CHCl,, with a pink/purple band containing charged 1-/2- species
eluting next if any product was not fully oxidized. The red or orange fraction containing the desired
neutral closomer was dried with rotary evaporation followed by high vacuum, and the above
procedure for oxidation could be repeated on the remaining 1-/2- mixture to obtain additional

neutral product if any non-fully oxidized product remains. Note: if the final oxidized product
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appears to have any impurities (via *H NMR spectroscopy), eluting the product through an

additional silica plug or short column with 1:1 CH2Clz/hexanes should remove any contaminants.

Dodeca(benzyloxy)-hypercloso-dodecaborane [2]

TBA-[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
diisopropylethylamine (0.2 mL, 1.15 mmol) and benzyl bromide (1.74 mL, 14.7 mmol) were
added along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 15 min. The volatiles were removed via
rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column
with 65/35 hexanes/ethyl acetate, and the pink/purple product mixture was eluted with CH2Cl>.
The CH2Cl> was removed via rotary evaporation, the remaining charged 1-/2- product mixture was
dissolved in 5 mL 90/5/5 ethanol/acetonitrile/H.O, FeClz-6H.0O (0.3 g, 1.11 mmol) was added and
the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via
rotary evaporation, and an orange band containing the neutral product was separated from the
FeCl3-6H20 through a slurry-packed silica gel column with CH2Cl2. The CH.Cl, was removed via
rotary evaporation and the final neutral product 2 was dried under high vacuum to obtain an
isolated yield of 54.3 mg (63%). Compound 2 is a dark orange solid. *H NMR (500 MHz, CDCls):
§ 7.08 - 7.19 (M, 60H, CsHs), 5.25 (s, 24H, O-CHy). 3C{*H} NMR (125 MHz, CDCls): § 140.8,
128.4, 127.3, 73.4. 'B{*H} NMR (128 MHz, CDCls): & 41.8. HRMS (Orbitrap): m/z calculated

for CasHgaB12012 (M), 1414.7152 Da; found, 1414.7183 Da.
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Dodeca(allyloxy)-hypercloso-dodecaborane [3]
Note: this reaction should be performed with minimal exposure to light. TBA2[1] (100.0 mg, 0.122

mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled
glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-diisopropylethylamine (0.4
mL, 2.30 mmol) and allyl bromide (1.28 mL, 14.68 mmol) were added along with a flea micro stir
bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 140 °C with
stirring in the microwave for 15 min. The volatiles and excess reagent were removed via rotary
evaporation and the purple 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile,
FeClz-6H20 (0.3 g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h (wrapped in
foil to avoid excessive light exposure). Following oxidation, the solvent mixture was removed via
rotary evaporation, and a yellow band containing the neutral product was separated from the
FeCl3-6H20 through a slurry-packed silica gel column with CH2Cl>. The CH.Cl, was removed via
rotary evaporation and the final neutral product 3 was dried under high vacuum to obtain an
isolated yield of 76.8 mg (77%). Compound 3 is a dark yellow-orange viscous oil. *H NMR (500
MHz, CDCls): § 5.91—5.99 (m, 12H, CH), 5.21 (dqg, 12H, CH), 5.05 (dg, 12H, CH), 4.62 (m, 24H,
O-CHy). BC{*H} NMR (125 MHz, CDCls): § 136.9, 114.2, 71.6. “"B{*H} NMR (128 MHz,
CDCl3): 6 41.1. HRMS (Orbitrap): m/z calculated for CssHeoB12012 (M"), 814.5274 Da; found,

814.5333 Da. Note: Compound 3 should be stored at -20 °C or used immediately.

Dodeca(ethoxy)-hypercloso-dodecaborane [4]

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
diisopropylethylamine (0.2 mL, 1.15 mmol) and bromoethane (1.65 mL, 22.1 mmol) were added
along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was

heated at 140 °C with stirring in the microwave for 30 min. The volatiles and excess reagent were
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removed via rotary evaporation, the remaining charged 1-/2- product mixture was dissolved in 4
mL 90/5/5 ethanol/acetonitrile/H20, FeClz-6H.0 (0.3 g, 1.11 mmol) was added and the mixture
was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary
evaporation, and an orange band containing the neutral product was separated from the
FeClz-6H,0 through a slurry-packed silica gel column with CH2Clz. The CH.Cl, was removed via
rotary evaporation and the final neutral product 4 was dried under high vacuum to obtain an
isolated yield of 32.7 mg (80%). Compound 4 is a dark orange solid. *H NMR (500 MHz, CDCls):
§ 4.09 (q, 24H, O-CHy), 1.24 (t, 36H, CHs). C{*H} NMR (125 MHz, CDCl3): § 66.8, 17.8.
UB{*H} NMR (128 MHz, CDCls): § 37.7. HRMS (Orbitrap): m/z calculated for C24HeoB12012 (M"

), 670.5274 Da; found, 670.5278 Da.

Dodeca(hexoxy)-hypercloso-dodecaborane [5]

TBA2[1] (99.0 mg, 0.121 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-
diisopropylethylamine (0.4 mL, 2.30 mmol) and 6-bromo-1-hexane (2.85 mL, 20.3 mmol) were
added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was
heated at 140 °C with stirring in the microwave for 2 h. The volatiles were removed via rotary
evaporation at 65 °C, the remaining charged 1-/2- product mixture was dissolved in 5 mL 90/5/5
ethanol/acetonitrile/H20, FeCls-6H>0 (0.3 g, 1.11 mmol) was added and the mixture was left to
stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary evaporation, and
an orange band containing the neutral product was separated from the FeCls-6H20 through a
slurry-packed silica gel column with CH2Cl>. The CH2Cl2> was removed via rotary evaporation and
the final neutral product 5 was dried under high vacuum to obtain an isolated yield of 91.4 mg

(56%). Compound 5 is a dark yellow-orange oil. *H NMR (400 MHz, CDCls): § 4.02 (t, 24H, O-
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CHy), 1.54 (m, 24H, CH2CH,(CH2)3CHs), 1.31, (m, 72H, CH2CH2(CH)sCHs3), 0.89 (m, 36H,
CHs). BC{*H} NMR (125 MHz, CDCls): 5 70.2, 32.2, 31.8, 25.9, 22.8, 14.1. “B{'"H} NMR (128
MHz, CDCls): & 42.0. HRMS (Orbitrap): m/z calculated for C72H1s56B12012 (M"), 1343.2786 Da;

found, 1343.2838 Da.

Dodeca(6-hexeneoxy)-hypercloso-dodecaborane [6]

Note: this reaction should be performed with minimal exposure to light. TBA2[1] 50.0 mg (0.061
mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled
glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-diisopropylethylamine (0.2
mL, 1.15 mmol) and 6-bromo-1-hexene (0.59 mL, 4.41 mmol) were added along with a stir bar,
the vial was sealed with a PTFE/silicone cap, and the mixture was heated at 140 °C with stirring
in the microwave for 7 h. The volatiles and excess reagent were removed via rotary evaporation,
and the remaining charged 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile,
FeCl3-6H20 (0.3 g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h. Following
oxidation, the solvent mixture was removed via rotary evaporation, and an orange band containing
the neutral product was separated from the FeClz-6H.0 through a slurry-packed silica gel column
with CH2Cl,. The CH2Cl2 was removed via rotary evaporation and the final neutral product 6 was
dried under high vacuum to obtain an isolated yield of 35.0 mg (43%). Compound 6 is a dark
yellow-orange oil. *H NMR (400 MHz, CDCls): § 5.79 (m, 12H, CH), 4.95 (m, 24H, CH,CH),
4.02 (t, 24H, O-CH>), 2.05 (q, 24H, (CH2)sCH2CH2CH), 1.56 (m, 24H, CH2CH>(CH2)sCH), 1.43
(m, 24H, (CH2)2CH2(CH2)2CH). *C{*H} NMR (125 MHz, CDCls): § 139.1, 114.2, 70.1, 33.6,
31.7, 25.5. 'B{*H} NMR (128 MHz, CDCls): § 41.6. HRMS (Orbitrap): m/z calculated for

C72H132B12012 (M"), 1319.0908 Da; found, 1319.1003 Da.

Dodeca(11-undeceneoxy)-hypercloso-dodecaborane [7]
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Note: this reaction should be performed with minimal exposure to light. TBA2[1] (50.0 mg, 0.061
mmol) was added to a 10 mL glass microwave vial and transferred out of a nitrogen filled
glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-diisopropylethylamine (0.2
mL, 1.15 mmol) and undec-10-enyl bromide (1.54 mL, 7.33 mmol) were added along with a stir
bar, the vial was sealed with a PTFE/silicone cap, and the mixture was reacted at 140 °C with
stirring in the microwave for 8 h. The volatiles were removed via rotary evaporation, the excess
reagent was eluted through a slurry-packed silica gel column with hexanes, and the product
mixture yellow-orange and red-orange fractions were eluted with CH2Cl, followed by a pink
fraction with ethyl acetate. The CHxClz/ethyl acetate was removed via rotary evaporation, the
remaining charged 1-/2- product mixture was dissolved in 9 mL 49/49/2
ethanol/CH2Cly/acetonitrile, FeCls-6H20 (0.5 g, 1.85 mmol) was added and the mixture was left
to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary evaporation,
and a dark brown/black band containing the neutral product was separated from the FeClz-6H20
through a slurry-packed silica gel column with CH2Cl.. The CH2Cl> was removed via rotary
evaporation and the final neutral product 7 was dried under high vacuum to obtain an isolated yield
of 37.1 mg (28%). Compound 7 is a dark, brown/black oil. *H NMR (400 MHz, CD,Cl,): & 5.81
(m, 12H, CH), 4.98 (m, 12H, trans-CH2CH), 4.91 (m, 12H, cis-CH>CH), 4.01 (t, 24H, O-CHy),
2.03 (M, 24H, O-CH>CHy), 1.54 (m, 24H, O-(CHz)2CHy>), 1.32 (m, 144H, O-(CH2)3(CH2)sCH-CH.
BC{*H} NMR (125 MHz, CD:Cl,): § 139.3, 113.8, 70.4, 33.9, 32.3, 29.9, 29.7, 29.6, 29.3, 29.1,
26.2. UB{*H} NMR (128 MHz, CD:Cl,): § 41.5. m/z calculated for CizH25,:B12012 (M),

2161.0332 Da; due to solubility issues, the molecule was incompatible with our M.S. instrument.

Dodeca(ethylbutyratoxy)-hypercloso-dodecaborane [8]
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TBA?[1] (100.0 mg, 0.122 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-
diisopropylethylamine (0.4 mL, 2.30 mmol) and ethyl 4-bromobutyrate (1.08 mL, 7.55 mmol)
were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 1.5 h. The volatiles were removed via
rotary evaporation, and the reaction mixture was eluted through Sephadex LH-20 size exclusion
column with methanol, with the pink fraction containing the desired 1-/2- product collected. The
methanol was removed via rotary evaporation, and the charged 1-/2- product mixture was oxidized
by eluting through a slurry-packed silica gel column with 90/10 CH.Cl./ethanol, collecting the
orange fraction. Following oxidation, the solvent mixture was removed via rotary evaporation, and
the product was purified by eluting through a short (15 cm) silica gel column slurry-packed with
1:1 hexanes/ethyl ether, with ~50 mL 1:1 hexanes/ethyl ether followed by ~50 mL ethyl ether
eluting an orange band. The volatiles were removed via rotary evaporation, and the final neutral
product 8 was dried under high vacuum to obtain an isolated yield of 14.0 mg (7%). Note: ~8%
additional 1-/2- product was collected from the first silica column, and by repeating the oxidation
step with the charged 1-/2- mixture additional 8 can be isolated. Compound 8 is an orange solid.
IH NMR (500 MHz, CDCls): & 4.11 (q, 24H, O-CHy), 4.03 (t, 24H, COOCHy), 2.34 (t, 24H,
CH2C00), 1.87 (M, 24H, O-CH2CHy), 1.24 (t, 36H, CHs). 3C{*H} NMR (125 MHz, CDCls): ,
173.3, 69.7, 60.3, 30.9, 27.4, 14.2. "B{*H} NMR (128 MHz, CDCl5): 5 41.9. HRMS (Orbitrap):

m/z calculated for C72H132B12036 (M"), 1702.9688 Da; found, 1702.9714 Da.

Dodeca(4-methylbenzyloxy)-hypercloso-dodecaborane [9]

TBA>[1] (48.0 mg, 0.059 mmol) was added to a 10 mL glass microwave vial and transferred out

of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
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diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-methylbenzyl bromide (1.362 g, 7.36 mmol)
were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 5 min. The volatiles were removed via
rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column
with 90/10 hexanes/ethyl acetate, and the pink/purple product mixture was eluted with acetonitrile.
The volatiles were removed via rotary evaporation, the remaining charged 1-/2- product mixture
was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeClz-6H20 (0.3 g, 1.11 mmol) was added and
the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via
rotary evaporation, and a dark orange band containing the neutral product was separated from the
FeClz-6H20 through a slurry-packed silica gel column with CH2Clz. The CH.Cl, was removed via
rotary evaporation and the final neutral product 9 was dried under high vacuum to obtain an
isolated yield of 30.9 mg (33%). Compound 9 is a brown/orange viscous oil. *H NMR (400 MHz,
CDCls): 5 6.98 (m, 48H, CsHa), 5.17 (s, 24H, CH>), 2.31 (s, 36H, CH3). *C{*H} NMR (125 MHz,
CDCls): § 137.9, 136.4, 128. 7, 127.3, 72.8, 21.2. 'B{*H} NMR (128 MHz, CDCls): § 41.6.

HRMS (Orbitrap): m/z calculated for CosH108B12012 (M), 1582.9030 Da; found, 1582.9058 Da.

Dodeca(4-bromobenzyloxy)-hypercloso-dodecaborane [10]

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-bromobenzyl bromide (1.358 g, 7.36 mmol)
were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 30 min. The volatiles were removed via
rotary evaporation, and the excess reagent was eluted through a slurry-packed silica gel column

with hexanes, and the red-pink product mixture was eluted with CH>Cl> followed by ethyl acetate.
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The volatiles were removed via rotary evaporation, the remaining charged 1-/2- product mixture
was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeClz-6H20 (0.3 g, 1.11 mmol) was added and
the mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via
rotary evaporation, and a dark orange band containing the neutral product was separated from the
FeClz-6H20 through a slurry-packed silica gel column with CH2Cl. The CH.Cl, was removed via
rotary evaporation and the final neutral product 10 was dried under high vacuum to obtain an
isolated yield of 62.5 mg (43%). Compound 10 is a dark-orange solid. *H NMR (400 MHz,
CDCl3): § 7.33 (d, 24H, m-CeHa), 6.86 (d, 24H, 0-CsHa), 5.07 (s, 24H, O-CHy). BC{*H} NMR
(125 MHz, CDCly): §, 138.5, 131.6, 128.5, 121.6, 72.6. 1'B{*H} NMR (128 MHz, CDCl3): § 41.4.
HRMS (Orbitrap): m/z calculated for CgsH72B12Bri12012 (M"), 2361.6291 Da; found, 2361.6311

Da.

Dodeca(4-trifluoromethylbenzyloxy)-hypercloso-dodecaborane [11]

TBA2[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-trifluoromethylbenzyl bromide (1.765 g, 7.5
mmol) were added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the
mixture was reacted at 140 °C with stirring in the microwave for 30 min. The volatiles were
removed via rotary evaporation, and the excess reagent was eluted through a slurry-packed silica
gel column with hexanes, and the pink/purple product mixture was eluted with acetonitrile. The
acetonitrile was removed via rotary evaporation, the remaining charged 1-/2- product mixture was
dissolved in 5 mL of 90/10 ethanol/acetonitrile, FeClz-6H20 (0.4 g, 1.48 mmol) was added and the
mixture was left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via

rotary evaporation, and an orange band containing the neutral product was separated from the
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FeClz-6H.0 through a slurry-packed silica gel column with CH2Cl. The CH.Cl, was removed via
rotary evaporation and the final neutral product 11 was dried under high vacuum to obtain an
isolated yield of 89.6 mg (66%). Compound 11 is a red-orange solid. *H NMR (500 MHz, CDCls):
§ 7.38 - 7.48 (M, 24H, m-CeHa), 7.06 - 7.15 (m, 24H, 0-C¢Ha), 5.27 (s, 24H, O-CHy). 3C{H}
NMR (125 MHz, CDCls): & 143.0, 130.6, 126.6, 125.7, 125.0, 122.8, 72.9. 'B{*H} NMR (128
MHz, CDCls): § 41.8. F NMR (376 MHz, CDCla): & -62.76 (s, 36F). HRMS (Orbitrap): m/z
calculated for CoeH72B12F36012 (M"), 2231.5672 Da; found, 2231.5637 Da. Crystallized from
CDCl3 and pentane at room temperature for 1 week to obtain a single crystal for X-ray diffraction

analysis.

Dodeca(4-nitrobenzyloxy)-hypocloso-dodecaborane [12]*

TBA>[1] (50.0 mg, 0.061 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 1 mL acetonitrile. N,N-
diisopropylethylamine (0.2 mL, 1.15 mmol) and 4-nitrobenzyl bromide (1.585 g, 7.34 mmol) were
added along with a stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was
heated at 140 °C with stirring in the microwave for 30 min. The volatiles were removed via rotary
evaporation, and the excess reagent was eluted through a slurry-packed silica gel column with
50/50 hexanes/CHCl., and the orange product mixture was eluted with acetonitrile. The volatiles
were removed via rotary evaporation, the remaining charged 1-/2- product mixture was dissolved
in 5 mL 90/10 ethanol/acetonitrile, FeClz-6H20 (0.3 g, 1.11 mmol) was added and the mixture was
left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary
evaporation, and the product mixture was washed with 150 — 200 mL ethanol in a glass fritted 30
mL filter funnel to remove the remaining FeCls-6H20. The remaining orange radical 1- product

TBA[12]* was removed from the funnel and dried under high vacuum to obtain an isolated yield
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of 89.0 mg (66%). Compound TBA[12]* is an orange solid. *H NMR (400 MHz, CDClz): & 8.49
- 7.41 (m, 48H, CeHa). Note: The CH> signal is masked and all other peaks are quite broad due to
the paramagnetic radical state of the molecule. *C{*H} NMR (125 MHz, CDCls): § 191.26,
147.47, 140.59, 130.55, 124.24. Note: The CH> signal is masked and all other peaks are quite
broad due to the paramagnetic radical state of the molecule. No resonances are visible by 'B
NMR due to paramagnetic broadening (a trace resonance at 20.4 ppm is indicative of borates,
which result from decomposition). HRMS (Orbitrap): m/z calculated for CgsH72B12N12036 (M),

1954.5361 Da; found, 1954.5363 Da.

Dodeca(3,5-bis(trifluoromethyl).benzyloxy)-hypocloso-dodecaborane [13]*

TBA2[1] (99.0 mg, 0.121 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-
diisopropylethylamine (0.4 mL, 2.30 mmol) and 3,5-bis(trifluoromethyl)benzyl bromide (2.68
mL, 14.6 mmol) were added along with a stir bar, the vial was sealed with a PTFE/silicone cap,
and the mixture was heated at 140 °C with stirring in the microwave for 30 min. The volatiles were
removed via rotary evaporation, and the excess reagent was eluted through a slurry-packed silica
gel column with 65/35 hexanes/ethyl acetate, and the colorless/very light pink product mixture
was eluted with CH2Cl.. After removal of the CH2Cl> via rotary evaporation, compound
TBA[13]?, a clear, colorless solid, was dried under high vacuum to obtain an isolated yield of
313.6 mg (73%). After spectroscopic characterization, the dianionic TBA2[13]% was dissolved in
5 mL 90/10 ethanol/acetonitrile, 0.3 g (1.11 mmol) FeClz-6H,O was added and the mixture was
left to stir for 12-24 h. Following oxidation, the solvent mixture was removed via rotary
evaporation, and a red-purple band containing [13]} was separated from the FeClz-6H.0 through

a slurry-packed silica gel column with CH2Cl,. The CH.Cl, was removed via rotary evaporation
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and the final isolated radical [13]* was dried under high vacuum to obtain an isolated yield of
226.4 mg (56%). Compound [13]* is a red-purple solid. *H NMR (500 MHz, CDCls): & 7.40 —
8.74 (m, 36H, CeHs), 3.13 (M, 8H, N-CHy), 1.65 (m, 8H, N-CH2CHy), 1.47 (m, 8H, N-(CH2)2CH>),
1.05 (m, 12H, N-(CH2)3CHa). Note: The CH. signal for the cluster is masked and all other peaks
are quite broad due to the paramagnetic radical state of the molecule. *C{*H} NMR (125 MHz,
CDCl3): 6 189.0, 132.7, 132.5, 129.4, 124.6, 122.5, 121.0, 68.0, 59.2, 59.2, 59.1, 30.9, 25.6, 23.8,
19.7, 19.7, 13.4. No resonances are visible by 'B NMR, due to paramagnetic broadening. *°F
NMR (376 MHz, CDCls): & -63.22 (s, 72F). HRMS (Orbitrap): m/z calculated for
C108Hs0B12F72012 (M), 3047.4158 Da; found, 1523.7080 (z=2) Da. Crystallized from CDCls and

pentane at room temperature for 1 week to obtain a single crystal for X-ray diffraction analysis.

Benzyloxy undeca(ethoxy)-hypercloso-dodecaborane [14]

TBA?[1] (100.0 mg, 0.122 mmol) was added to a 10 mL glass microwave vial and transferred out
of a nitrogen filled glovebox, opened to the air, and dissolved in 2 mL acetonitrile. N,N-
diisopropylethylamine (0.4 mL, 2.30 mmol), benzyl bromide (0.0204 g, 0.119 mmol) and
bromoethane (0.8055¢g, 7.39 mmol) were added along with a stir bar, the vial was sealed with a
PTFE/silicone cap, and the mixture was heated at 140 °C with stirring in the microwave for 30
min. The volatiles and excess bromoethane were removed via rotary evaporation, the remaining
charged 1-/2- product mixture was dissolved in 5 mL 90/10 ethanol/acetonitrile, FeClz-6H.0 (0.3
g, 1.11 mmol) was added and the mixture was left to stir for 12-24 h. Following oxidation, the
solvent mixture was removed via rotary evaporation, and the product mixture was separated from
the FeClz-6H.O with CH.Cl,. The CH,Cl, was removed via rotary evaporation, and the product
mixture was loaded onto a long (30 — 35 cm) silica gel column slurry-packed with 80/20

CH2Cl>/hexanes, and the products were separated by eluting fractions with 80/20 CH2Cl»/hexanes.
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The first orange band eluted contained randomly di-substituted benzyl.ethylio species, followed
by an orange band with the neutral closomer 14, with extra 4 in a third yellow-orange band eluting
last. Note: The fractions overlap, and due to the similar colors of the different products, thin layer
chromatography (TLC) with 80/20 CH2Clz/hexanes was performed on the fractions near the band
edges to determine which fractions contained a mixture of products. The fractions containing only
a single species according to TLC that eluted after the di-substituted product and prior to the pure
4 bands were combined. The volatiles were removed via rotary evaporation, and the final neutral
product 14 was dried under high vacuum to obtain an isolated yield of 15.7 mg (18%). Compound
14 is a yellow-orange solid. *H NMR (400 MHz, CDCls): § 7.30 (m, 5H, CeHs), 5.07 (m, 2H,
CH2CeHs), 4.10 (m, 22H, CH>CHs), 1.22 (m, 33H, CH2CH3).3C{*H} NMR (125 MHz, CDCls):
5141.2,128.0,126.6,71.6,66.8, 17.7. 1'B NMR (128 MHz, CDCls): § 39.0, 35.2. HRMS (DART):

m/z calculated for C29Hs2B12012 (M), 732.5431 Da; found, 732.5464 Da.
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Chapter 3: Tuning the Electrochemical Potential of Perfunctionalized
Dodecaborate Clusters Through Vertex Differentiation
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We report a new class of redox-active vertex-differentiated dodecaborate clusters featuring
pentafluoroaryl groups. These [B12(OR)1:NO2] clusters share several unique photophysical
properties with their [B12(OR)12] analogues, while exhibiting significantly higher (+0.5 V) redox
potentials. This work describes the synthesis, characterization, and isolation of [B12(O-
CH2CeFs)11NO3] clusters in all 3 oxidation states (dianion, radical, and neutral). Reactivity to post-

functionalization with thiol species via SnAr on the pentafluoroaryl groups is also demonstrated.
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Introduction

The dodecaborate cluster closo-[Bi2H12]? is a unique three-dimensional molecule which
can be functionalized in a manner reminiscent of classical organic aromatic compounds (e.g.
benzene). 232324 Three-dimensional aromaticity in this icosahedral cluster is manifested in its
exceptional thermal and chemical stability.?! The closo-[B12H12]* cluster has been previously
subjected to various homoperfunctionalization strategies leading to molecules decorated with a
diverse array of functional groups including halogens,'%2 ethers, esters, carbonates, and
carbamates.?931-335859 \While the parent closo-[Bi2H12]* cluster does not undergo a reversible
electrochemical transformation, homoperfunctionalization via substitution of all 12 B-H vertices
can engender reversible redox behavior for some of the aforementioned derivatives.*°¢-% This
redox activity can provide access to isolable compounds in hypo- and hypercloso- forms. These
additional redox states are accessed via sequential one-electron oxidation of the parent dianionic
closo-[B12X12]* species to form stable radical hypocloso-[B12X12]* molecules, followed by the
consecutive one-electron oxidation allowing isolation of neutral hypercloso-[B12Xi2] clusters.
Importantly, the redox potential of the 2-/1- and 1-/0 transitions for these clusters can be tuned as
a function of the substituent by well over 1 V for the same redox event.**%8% Among the redox
active Bio-based clusters, homoperfunctionalized [B12(OR)12]*"*"° compounds represent, perhaps,
the most modular class of redox active species, for which the electrochemical potential window
was previously shown to be tunable in the range between -1.1 — +0.67 V vs. Fc/Fc*.%8 This
tunability is achieved by rationally changing an organic substituent (R) attached to the cluster via
ether linkage. However, it remains unclear whether highly reversible redox behavior is inherent to
only B12(OR)12 species and whether electronic perturbations on the cluster core with mixed

substituents other than the alkoxy group can produce molecules with similar properties.®®-"" Here
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we present a new approach to further tune the redox properties of the perfunctionalized B1.-based
clusters by substituting one of the OR moieties with an NO2 group, thus introducing an additional
structural handle via heterofunctionalization. As a result, a new class of [B12(OR)11NO]?"+"
clusters can be isolated which feature pronouncedly different electrochemical properties when

compared to those of their [B12(OR)12] analogues.
Results and Discussion

Commercially available Csz[B12H12] undergoes selective monoamination in 60% yield on
a decagram scale.%® This compound can be safely subjected to the perhydroxylation conditions
using 30% H-O; (safety note — see SI) as was previously reported by Hawthorne and co-workers®®
(Figure 9, [1]). Based on this protocol, one can isolate [B12(OH)11(NO2)]* as a
tetrabutylammonium (TBA) salt [1] on a multigram scale in 70% yield (see SI). Compound [1] is
highly soluble in polar organic solvents, which allowed us to subject this compound perbenzylation
conditions similar to those developed for the perfunctionalization of closo-[Bi2(OH)12]%.%® The
reaction of [1] with pentafluorobenzyl bromide dissolved in acetonitrile (MeCN) in the presence
of an amine base under microwave conditions at 140 °C resulted in a nearly quantitative conversion
of the parent cluster molecule as judged by the 'B NMR spectroscopy and mass spectrometry

taken in situ after 1 hour.

44



a NH,

2- ]
Pl 0‘\3”0 45%_' 1
\r‘//._\\_-/l HZN\O/ \OH N \"—/_A ‘| 30% HZOZ
/5N THO, reflux, 3h 287N CsOH-1H,0

N \ 374

Figure 9. (a) Synthetic route to produce [1] from Csz[Bi2H12]*. (b) Microwave synthesis of the
B12(OR)1:NO:> cluster [2] studied in this work, showing all three oxidation states of [2] isolated
(neutral [2a]°, radical [2b]*, and the dianionic [2¢]%).

The desired product [2c] was isolated via purification on a silica gel column followed by
ion exchange to the Na* salt using a cation-exchange resin (see Sl). The identity of Naz[2c] was
confirmed by B, °F, and *H NMR spectroscopy, mass spectrometry, and elemental analysis.
Performing the same synthesis followed by oxidation of the unpurified crude [2¢]* obtained
directly from the microwave reaction with FeCls*6H20 in 9:1 [v/v] mixture of ethanol:MeCN
yielded a dark purple solution. This mixture was subjected to silica gel column chromatography
resulting in the isolation of analytically pure hypocloso species [2b]'- as a TBA salt (see Sl for
characterization). In contrast, when [2c]?> was exposed to NOBF4, a stronger oxidant, in dry

MeCN, neutral [2a]° formed and was subsequently isolated.
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All three species exhibit distinctive splitting patterns in both their B and °F NMR spectra
arising from the unique symmetry of the molecule. Unlike homoperfunctionalized [B12(OR)12]
species, which possesses a nearly perfect icosahedral structure (hence appearing as a singlet in 1B
NMR spectrum), the introduction of the nitro (NO2) group in [2] breaks the symmetry of the
cluster. The 'B NMR spectra obtained confirm the asymmetry of the molecule, with both [2¢]*
and [2a]° exhibiting four distinct signals with relative integrations of 1:5:5:1 (Figure 10a). The !B
NMR of the radical [2b]* shows no visible signals consistent with the paramagnetic nature of the
cluster in this oxidation state and is further corroborated by EPR spectroscopy (Figure 10a, inset).
Specifically, the broad singlet in the EPR spectrum of [2b]}" showcases a highly delocalized
doublet state, where an electron is shared by all twelve boron atoms in the cluster. This feature as
well as the g-factor observed in the EPR spectrum of [2b]* are similar to other [B12(OR)12]*

species (Figure 10).
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Figure 10. (a) B and '°F NMR spectra of all redox states of [2] with EPR (inset, g = 2.00674)
and photo of [2b]*" in MeCN; (b) UV-vis spectra of [2a]° and [2b]* (50 mM) and [2c]* (100 mM)
in CH2Cly; (c) XPS spectra for all redox states of [2] showing increasing B-B binding energy as
redox state increases.

An unexpected but very interesting phenomenon is observed in the 1°F NMR spectra of [2]
series. Normally, the spectra for all previously reported [B12(OR)12] species containing fluorine
atoms in the close vicinity from the boron cluster core show a single signal for each set of
equivalent atoms.!1819 However, [2c]? exhibits three distinct (though partially overlapping)
fluorine signals for each of the equivalent pentafluoroaryl fluorine atoms, which show the same
1:5:5 relative integrations stemming from the symmetry of the boron cluster core. The ortho-

fluorine signal for [2b]* is difficult to observe due to the significant paramagnetic broadening that
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normally affects the atoms closest to the paramagnetic center (boron cluster core). Since the meta-
and para-fluorine atoms are located further away from the paramagnetic cluster in [2b]*", their 1°F
signals could be resolved and also exhibit a 1:5:5 relative pattern similar to the one observed in
[2c]? (Figure 10a). Likewise, a 1:5:5 pattern can be well resolved for the diamagnetic [2a]° species.
Furthermore, the two methylene proton resonances (1:10 integration) can be resolved in the H

NMR spectrum of [2a]° consistent with the introduction of asymmetry by the NO2 group.

Consistent with the [B12(OR)12]* clusters synthesized to date, pure dianionic [2¢]? cluster
is essentially colourless and shows little visible absorption in its UV-vis spectrum. There is a small
absorbance in the UV-vis spectrum of [2c]>around 350 — 400 nm stemming from the presence of
the NO2 group, while the UV-vis spectrum for [3]%> ([B12(OR)12] when R = CH,CsFs) shows
negligible absorption across the entire visible region (See SI). On the other hand, the radical [2b]*
exhibits a deep pink/purple color when dissolved in CH2Cly, and the neutral species [2a]° appears
as a bright red-orange when dissolved in the same solvent (Figure 10b). These light absorption
properties are similar to those of homoperfunctionalized [B12(OR)12] clusters in the corresponding
oxidation states. X-ray photoelectron spectroscopy analysis of [2] series also reveals a similar trend
to that observed with [B12(OR)12] clusters, where the B-B binding energy increases with higher

oxidation states sequentially from [2c]? to [2b]* and [2a]° (Figure 10c).

A single crystal suitable for X-ray diffraction analysis was obtained for the radical
[N"Bu4][2b] from a chloroform/pentane solution of [2b]}, and the crystal structure (Figure 11a)
shows a structural similarity to that of the radical [3]}" (Figure 11c, see Sl). Overlaying the two
structures (Figure 11b) effectively illustrates these similarities, with only the rotation of a few
pentafluorobenzyl rings nearest the NO2 group differing significantly, while the core bonding

metrics (B-B and B-O bond lengths and angles) remain indistinguishable within the margin of
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error produced by the experiment. Despite the remarkably clear effects visible in the 1°F NMR
spectra of the asymmetry introduced into the molecule by the lone NO2 group in solution, the two
different clusters retain very similar structures in the solid-state. This structural similarity,
especially in the radical state, is consistent with the EPR evidence that the environment of the

unpaired electron in [2b]*" is largely unchanged from [3]*".
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Figure 11. (a) Single crystal X-ray structure of [2b]* (hydrogens and [N"Buas]* counter ion omitted
for clarity); (b) Overlay of [2b]* and [3]}; (c) Single crystal X-ray structure of [3]* (hydrogens
and [N"Bus]* counter ion omitted for clarity); (d) Cyclic voltammogram for [2b]} and [3] in
acetonitrile with glassy carbon working electrode, Pt wire counter electrode, and Ag/AgCI
reference electrode (in sat. KCI) internally referenced to the Fc/Fc* couple.

Despite all these similarities, perhaps the most striking difference between the two species
is the exceptional increase in redox potential of [2] compared to that of [3]. The significant
difference between the redox potential of [2] and [3] of over +0.5 V for the same redox couple
(Figure 11b) is remarkable given the aforementioned similarities between most of the
photophysical properties discussed. For the 2-/1- redox event, [3] displays a reversible wave with
an E12 of -0.38 V vs Fc/Fc*, while the same couple for [2¢]?/[2b]Y has an E12 of +0.15 V (Figure
11 d). The increase in the 1-/0 redox couple is less extreme, but still significant, going from an Ex.

of +0.33 V for [3]*/[3]° up to an E12 of 0.69 V (vs Fc/Fc*) for [2b]*/[2a]°. The substitution of a
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single boron vertex with a NO. group instead of an ether moiety therefore provides a dramatic

shift in the electrochemical potential in this class of clusters.
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Figure 12. (a) Scheme showing the SnAr reaction between [2c]* and mercaptoethanol; (b) *°F
NMR spectrum of the starting material [2¢c]?; (c) °F NMR spectrum of the reaction product
showing full conversion to [2c]-ME based upon the disappearance of the para-fluorine signal.

Consistent with the reactivity previously observed for [3],%* [2] undergoes a facile SnAr
reaction with thiols enabling dense functionalization of this class of three-dimensional scaffolds
(Figure 12). Under similar conditions to those described for [3] previously,®* full substitution of
the para-fluorines on [2c]? with mercaptoethanol was achieved using only 1.05 equiv. of the thiol
per pentafluoroaryl group at room temperature within 19 hours (Figure 12). The quantitative
conversion observed under these mild conditions to form [2c]-ME indicates that the introduction
of the nitro group does not interfere with the SyAr chemistry and [2] is potentially well-suited for

building atomically precise hybrid nanomolecule assemblies.®*
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Conclusions

In summary, a new class of perfunctionalized, vertex-differentiated boron clusters was
developed and fully characterized. While several routes exist to achieve vertex-differentiated
perfunctionalization with other boron cluster molecules with inherent asymmetry such as
monocarborane,b”-%9"178 significantly fewer synthetic pathways have been developed to form
vertex-differentiated perfunctionalized dodecaborate clusters.?%?® These NO,-substituted
dodecaborate clusters feature higher redox potentials while retaining key beneficial traits found in
their perfunctionalized [B12(OR)12] analogues, including three distinct accessible redox states. The
readily-accessible isolable radical cluster also represents a new addition to the boron-centered
radical molecules.”®® The pentafluoroaryl groups decorating the cluster were demonstrated to be
amenable to facile post-functionalization with thiol-containing groups via SNAr chemistry, thus
enabling the possibility of orthogonal substitution without affecting the B-NO vertex. Overall,
this chemistry provides another unique entry towards robust and redox-active 3D aromatic

building blocks for potentially designing new photoredox reagents® and hybrid materials.®
Acknowledgements

A.M.S. acknowledges the University of California, Los Angeles (UCLA) Department of
Chemistry and Biochemistry for start-up funds, 3M for a Non-Tenured Faculty Award, the Alfred
P. Sloan Foundation for a research fellowship in chemistry and the NIGMS for the Maximizing
Investigators Research Award (MIRA, R35GM124746). The authors thank the MRI program of
the National Science Foundation (NSF grant no. 1532232 and no. 1625776). E.A.Q. thanks the US
Public Health Service of the National Institutes of Health (NIH) for the Predoctoral Training

Fellowship through the UCLA Chemistry-Biology Interface Training Program under the National

51



Research Service Award (T32GM008496). We thank UCLA Molecular Instrumentation Center

for mass spectrometry and NMR spectroscopy (NIH grant 1S100D016387-01).

52



Supporting Information

Experimental Section
General considerations

Microwave synthesis reactions and all post-microwave work-up and characterization was
performed under ambient conditions. The “ambient conditions” for this manuscript refer to room
temperature (20 - 25 °C) and uncontrolled laboratory air. The oxidation of [2c] to form [2a] and
the synthesis of [2c]-ME describe the use of a nitrogen-filled glovebox for several steps, all other

reactions were performed open to air.

Materials

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.
MilliQ water described in this manuscript refers to purified potable water with a resistivity at 25
°C of <18.2 MQ-cm. [NEtzH]2[B12H12] was purchased from Boron Specialties (USA). Ethanol
(200 proof) was purchased from Decon Labs and used as received. Dowex 50W X8 (100-200
mesh, hydrogen form), dimethylformamide (anhydrous, 99.8%), FeCl3-6H.0 (>97%),
CsOH:1H20 (>99.5%), hydrogen peroxide (30% in H20), [N"Bus]OH (40% in H20), bromoethane
(>99%), acetonitrile (>99.9%), dichloromethane (>99.5%), ethyl acetate (>99.5%), hexanes
(>98.5%), methanol (>99.8%), 2-mercaptoethanol (>99%), potassium phosphate tribasic (>98%),
and  N,N-diisopropylethylamine ~ (>99%) were purchased from  Sigma-Aldrich.
Tetrabutylammonium hexafluorophosphate (>98%, recrystallized from ethanol and dried under
vacuum at 90 °C), nitrosonium tetrafluoroborate (95%), hydroxylamine-O-sulfonic acid (97%),
and 2,3,4,5,6 pentaflurobenzyl bromide (98%) were purchased from Oakwood. NaOH (Certified
ACS, 99.2%) was purchased from Fisher. Sodium borohydride (98%) was purchased from Strem.

All reagents were used as received unless otherwise indicated.
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Instrumentation

A Bruker AV400 spectrometer was used to obtain B, *H, and °F NMR spectra and Bruker
Topspin software was used to process the NMR data. *H NMR spectra were referenced to residual

solvent resonances in deuterated solvents. B and *°F NMR spectra were referenced to BF3-Et,0.

A Bruker EMX EPR spectrometer was used to acquire EPR spectra, with all spectra collected in

CH2Cl> at ambient temperature.

Mass spectrometry data was acquired using a Thermo Scientific™ Q-Exactive™ Plus instrument

with a quadrupole mass filter and Orbitrap mass analyzer.

UV-vis analysis was performed on an Ocean Optics Flame Spectrometer with an Ocean Optics

DH-2000-S-DUV-TTL light source and a quartz cuvette.

IR spectroscopy was acquired on solid samples using a PerkinElmer Spectrum One FT-IR

spectrometer equipped with a diamond universal ATR probe.

X-ray photoelectron spectroscopy (XPS) data was acquired using an AXIS Ultra DLD instrument
(Kratos Analytical Inc., Chestnut Ridge, NY, USA) with a monochromatic Al Ko X-ray source
(10 mA for survey and high-resolution scans). A 300 x 700 nm oval spot size and ultrahigh vacuum
(10° Torr) were used, with 160 eV pass energy for survey spectra and 20 eV for high-resolution
spectra of B 1s using a 200 ms dwell time and 20 scans. All XPS peaks were externally referenced

to the C 1s signal at 284.6 eV.
Elemental analyses were performed by Atlantic Microlab, Inc. (Norcross, GA).

X-ray data collection and processing parameters

For [2b] and [3]*, a single crystal was mounted on a nylon loop using perfluoropolyether oil and

cooled rapidly to 100 K with a stream of cold dinitrogen. Diffraction data were measured using a
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Bruker APEX-II CCD diffractometer using Mo-K, radiation. The cell refinement and data
reduction were carried out using Bruker SAINT and the structure was solved with SHELXT. All
subsequent crystallographic calculations were performed using SHELXT. Olex2 software was

used to export the report for [3]%.%7

Cyclic voltammetry

Cyclic voltammetry was performed on [2b] using a CH Instruments CHI630D potentiostat with a
glassy carbon disc working electrode, platinum wire counter electrode, and Ag/AgCl (in saturated
KCI solution) reference electrode. The experiment was conducted in 0.1M [N"Bus]PFs/CH3CN
with 1 mM analyte concentration. The CH3CN was dried in house with a custom drying system
running through two alumina columns prior to use. The solution was degassed by bubbling N,
and the cyclic voltammetry was performed under N2 gas. For [2b] a scan rate of 100 mV/s was

used with Fc/Fc* as an internal standard.

Microwave synthesis

Microwave reactions were performed using a CEM Discover SP microwave synthesis reactor.
Except where noted otherwise, all reactions were performed in glass 10 mL microwave reactor
vials purchased from the vendor. Reaction vials were sealed with silicone/PTFE caps. Flea micro
PTFE-coated stir bars were used in the vials with magnetic stirring set to high and 15 seconds of
premixing prior to the temperature ramping. All microwave reactions were carried out at 140 °C
with the pressure release limit set to 250 psi (no reactions exceeded this limit to trigger venting)
and the maximum wattage set to 250W (the power applied was dynamically controlled by the
microwave instrument and did not exceed this limit for any reactions). Column chromatography

was performed using 2.0 - 2.25 cm inner diameter glass fritted chromatography columns with 20-
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30 cm of slurry-packed silica gel to ensure full separation of reagents and products. Unfiltered

pressurized air was used to assist column chromatography.

Synthesis of [1]
Synthesis of [N"Bus]2B12(OH)11(NO2) ([1]) was performed starting with Csz[Bi2H12] (ion

exchanged from [NEtsH]2[B12H12] using CsOH-1H,0) according to a reported procedure.®® Note:
the hydroxylation procedure should always be undertaken with caution and careful planning to
ensure the Csz[B12H12] reagent is pure and contains no organic contaminants. Blast shielding to
contain any possible explosions should be utilized. Under no circumstances should the hydrogen
peroxide used in the reaction come into contact with any organic material or solvents due to

possibility of an explosion.

Synthesis of [2a]
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(o]
Nz
[2a] PR

[N"Buas]2B12(OH)11(NO2) (100 mg, 0.12 mmol) was added to a 10 mL glass microwave vial and
dissolved in 1 mL of acetonitrile. N,N-diisopropylethylamine (0.47 mL, 2.7 mmol) and 1-
(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.00 mL, 13.2 mmol) were added along with a
flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at
140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was evaporated by
rotary evaporation and the excess reagents were removed through a slurry-packed silica gel
column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone (~20 mL) to elute the yellow-
orange product band. The acetone was removed by rotary evaporation, the residue was dried

under high vacuum and transferred into the glovebox. 75 mg (0.64 mmol) nitrosonium
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tetrafluoroborate (NOBF4) was added, 2 mL of acetonitrile was added, and the solution was left
to stir at room temperature for ~16 hours. The solution was transferred out of the glovebox,
cooled to -15 °C for 1 hour, filtered using a glass fritted funnel, and the orange solid was
carefully washed with ~1 mL of cold (-15 °C) acetonitrile 3 times, then dried on the frit for 5
min. The solid product was transferred to a glass vial and dried under high vacuum to obtain 113
mg (41%) of pure, isolated product. Compound [2a]° is an orange solid. *H NMR (400 MHz,
CD2Cl2): § 5.36 —5.06 (m, 11H, O-CH,-CsFs). 'B NMR (128 MHz, CD,Cl,): § 45.22 — 41.32
(m, 10B, B-OR), 1.99 (s, 1B, B-NO3), -9.58 (s, 1B, B-OR). 1°F NMR (376 MHz, CD2Cl.): 5 -
144.34 — -145.48 (m, 22F, ortho-CeFs), -152.78 — -154.05 (m, 11F, para-CeFs), -162.26 — -
162.75 (m, 22F, meta-CgFs). HRMS: m/z calculated for C77H22B12FssNO13 (M?), 1172.5665 Da;
found, 1172.5735 (z = 2) Da. Calc. for C77H22B12FssNO1s: C, 39.46; H, 0.95; N, 0.60. Found: C,

39.64; H, 0.90; N, 0.62.

Synthesis of [2b]
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[N"Buas]2B12(OH)11(NO2) (100 mg, 0.12 mmol) was added to a 10 mL glass microwave vial and
dissolved in 1 mL of acetonitrile. N,N-diisopropylethylamine (0.47 mL, 2.7 mmol) and 1-
(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.00 mL, 13.2 mmol) were added along with a
flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture was heated at
140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was evaporated by
rotary evaporation and the excess reagents were removed through a slurry-packed silica gel

column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone (~20 mL) to elute the yellow-

57



orange product band. The acetone was removed by rotary evaporation, and the residue was
dissolved in 5 mL of 9:1 [v/v] ethanol/acetonitrile. 0.3 g (1.11 mmol) iron chloride hexahydrate
was added, and the solution was left to stir at room temperature for ~48 hours. The volatiles were
removed via rotary evaporation followed by high vacuum for 5 minutes, and the residue was
dissolved in dichloromethane and loaded onto a slurry-packed silica gel column. The product
was eluted with dichloromethane and the dark purple band was collected. The dichloromethane
was removed via rotary evaporation, and the solid product was dried under high vacuum to
obtain 107 mg (35%) isolated product. Compound [N"Bus][2b] is a purple solid. *H NMR (400
MHz, CD3CN): & 3.11 — 3.04 (m, 8H, [N"Bua]), 1.65 — 1.55 (m, 8H, [N"Bus]), 1.40 — 1.30 (m,
8H, [N"Bua]), 0.97 (t, 12H, [N"Bus]). Note: the methylene peak is not visible in *H NMR due to
paramagnetic broadening. !B NMR (128 MHz, CD3CN): No visible signals due to
paramagnetic broadening. *°F NMR (376 MHz, CD3sCN): § -140.13 (br s, ortho-CgFs), -157.27 —
-158.18 (m, para-CeFs), -163.74 — -165.03 (m, meta-CsFs). Note: the ortho fluorine signal is
extremely broad from the proximity to the paramagnetic core. HRMS: m/z calculated for
C77H22B12FssNO13 (M?), 1172.5665 Da; found, 1172.5724 (z = 2) Da. Calc. for
CosHssB12Fs5N2013: C, 43.19; H, 2.26; N, 1.08. Found: C, 43.39; H, 2.21; N, 1.06. Crystallized
from CHCIs and pentane at room temperature for 3 days to obtain a single crystal for X-ray

diffraction analysis.

Synthesis of [2¢]
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150 mg scale: [N"Bus]2B12(OH)11(NO2) (150 mg, 0.18 mmol) was added to a 10 mL glass
microwave vial and dissolved in 3 mL of acetonitrile. N,N-diisopropylethylamine (0.71 mL, 4.1
mmol) and 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene (2.93 mL, 19.4 mmol) were added
along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was
evaporated by rotary evaporation and the excess reagents were removed through a slurry-packed
silica gel column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the yellow-
orange product band. The acetone was removed by rotary evaporation, and the residue was
dissolved in 5 mL of acetonitrile. This solution was added to 100 mL of 1:1 [v/v]
acetonitrile/water and ion exchanged using Dowex 50W X8 cation exchange resin loaded with
Na* by eluting the solution through a 1.5 x 40 cm column slurry-packed with ~30 cm of Dowex
resin (solution-swelled volume) and washing with an additional 100 mL of 1:1 [v/V]
acetonitrile/water. The methanol and water were removed via rotary evaporation followed by
high vacuum overnight to obtain 308 mg (71%) isolated product. Compound Naz[2c] is a dark
yellow solid.

300 mg scale: [N"Buas]2B12(OH)11(NO2) (300 mg, 0.36 mmol) was added to a 35 mL glass
microwave vial and dissolved in 6 mL of acetonitrile. N,N-diisopropylethylamine (1.42 mL, 8.2
mmol) and 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene (5.86 mL, 38.8 mmol) were added
along with a flea micro stir bar, the vial was sealed with a PTFE/silicone cap, and the mixture
was heated at 140 °C with stirring in the microwave for 1 hour. The excess acetonitrile was
evaporated by rotary evaporation and the excess reagents were removed through a slurry-packed
silica gel column with 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the yellow-

orange product band. The acetone was removed by rotary evaporation, and the residue was
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dissolved in 5 mL of acetonitrile. This solution was added to 200 mL of 1:1 [v/v]
acetonitrile/water and ion exchanged using Dowex 50W X8 cation exchange resin loaded with
Na* by eluting the solution through a 6 x 30 cm column slurry-packed with ~25 cm of Dowex
resin (solution-swelled volume) and washing with an additional 250 mL of 1:1 [v/V]
acetonitrile/water. Note: if residual [N"Bus]* remains after the ion exchange, repeating the
exchange procedure using freshly Na*-loaded Dowex with the partially-exchanged product will
remove any traces of [N"Bus]*. The methanol and water were removed via rotary evaporation
followed by high vacuum overnight to obtain 610 mg (70%) isolated product. Compound
Naz[2c] is a dark yellow solid. *H NMR (400 MHz, CD3sCN): § 5.54 — 5.21 (m, 22H, methylene).
1B NMR (128 MHz, CDsCN): § -10.16 (s, 1B, B-NO), -11.87 — -18.32 (m, 10B, B-OR), -21.53
(br s, 1B, B-OR). 1%F NMR (376 MHz, CD3sCN):  -144.39 (m, 22F, ortho-CeFs), -157.85 — -
158.97 (m, 11F, para-CeFs), -164.86 — -165.77 (m, 22F, meta-CeFs). HRMS: m/z calculated for
C77H22B12FssNO13 (M?), 1172.5665 Da; found, 1172.5734 (z = 2) Da. Calc. for

C77H22B12FssNNa2013: C, 38.70; H, 0.93; N, 0.59. Found: C, 38.67; H, 1.06; N, 1.45.

Synthesis of [2c]-ME

[2¢] (7.5 mg, 0.0031 mmol) and K3PO4 (22.3 mg, 0.105 mmol) were added along with a flea
micro stir bar to a 4-mL glass vial, which was then sealed with a PTFE/silicone cap under
ambient conditions. The vial was then purged and backfilled with N2 three times before being
transferred into the glovebox. In the glovebox, the vial was opened and 150 pL anhydrous DMF

was added, followed by 2-mercaptoethanol (2.54 pL, 0.036 mmol). The vial was sealed again
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and set to stir at 400 rpm for 22 hours. The vial was transferred out of the glovebox, and its
contents were transferred into an NMR tube for in situ °F NMR spectroscopy to ensure nearly
quantitative conversion and in situ !B NMR spectroscopy to ensure structural integrity of the
cluster. The crude mixture was filtered through a 0.45 um pore size syringe filter unit, then
transferred into a 15-mL conical centrifuge tube and lyophilized for solvent removal. The dried
sample was redissolved in MeOD and subjected to characterization via *H, *B, and °F NMR
spectroscopy. Compound K[2c] is a dark yellow solid. *tH NMR (400 MHz, CD3;0D): § 5.58 —
5.35 (m, 22H, methylene), 3.70 — 3.58 (m, 22H, S-CH,CH2-OH), 3.05 — 2.96 (m, 22H, S-
CHCH,-OH). !B NMR (128 MHz, CD30D): § -9.61 (br s, 1B, B-NO), -14.71 (br s, 11B, B-
OR). F NMR (376 MHz, CD30D): § -136.40 — -137.35 (m, 22F, ortho-CsFs), -143.99 — -
145.38 (m, 22F, meta-CgFs). HRMS: m/z calculated for C77H22B12FssNO13 (M?), 1491.6089 Da;

found, 1491.6154 (z = 2) Da.

Synthesis of [3], [3]*, and [3]*
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Synthesis of [3] was performed according to a previously reported procedure.®® Note: the

procedure below was not optimized, and was only suitable to produce enough of the radical salt
to crystallize for X-ray diffraction analysis for comparison with [2b]. [3]* was synthesized by
performing an extraction with 25 mL dichloromethane and a solution of 0.65 g disodium EDTA
in 150 mL MilliQ H20 in lieu of the reported post-oxidation column chromatography with
dichloromethane, vigorously stirring and shaking the mixture before draining off the organic
layer and drying with sodium sulfate. The volatiles were removed via rotary evaporation, the
residue was re-dissolved in dichloromethane and eluted through a plug of silica, and the
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dichloromethane was removed via rotary evaporation followed by high vacuum. The purple solid
residue was taken up in chloroform and pentane was layered on top, resulting in formation of
single crystals suitable for X-ray analysis after 5 days at room temperature. The UV-vis analysis
of [3]% was performed on a small sample of [3]° (2.3 mg, 0.9 pmol) reduced with NaBH4 (2.0

mg, 53 mmol) in 9:1 [v/v] ethanol/acetonitrile by shaking for 5 min at room temperature.
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Table 1. Crystal data and structure refinement for [2b]%

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole
SQUEEZE

[2b]*

C93 H58 B12 F55 N2 O13

2586.13

100.0 K

0.71073 A
Triclinic

P-1
a=14.12503) A
b =27.2616(5) A
Cc = 29.4644(6) A

o= 110.4400(10)°.
B=91.6990(10)°.
y = 97.1390(10)°.

10516.5(4) A3

4

1.633 Mg/m?3

0.170 mm1

5156

0.32 x 0.28 x 0.2 mm3
1.273 t0 25.292°.

-16<=h<=16, -32<=k<=32, -30<=1<=35

79433

38080 [R(int) = 0.0454]

99.9 %

Semi-empirical from equivalents
0.6462 and 0.6188

Full-matrix least-squares on F2
38080 /3236 /3184

1.033

R1 =0.0857, wR2 = 0.2226
R1=0.1376, wR2 = 0.2595
1.257 and -0.520 e. A3

Found 129¢/uc. Calc’ed for 2 CHCl3, 116e/uc
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Chapter 4: Perfunctionalized Dodecaborate Clusters as Stable Metal-Free
Active Materials for Charge Storage

Alex 1. Wixtrom, 1 John L. Barton, %1l Jeffrey A. Kowalski, ™I Fikile R. Brushett, "+ Alexander
M. Spokoyny. "8

T Joint Center for Energy Storage Research, Argonne National Laboratory, 9700 South Class
Ave, Bldg. 200, Argonne, Illinois, USA

I Department of Chemical Engineering, Massachusetts Institute of Technology, 77
Massachusetts Ave, Cambridge, Massachusetts 02139, USA

1 Department of Chemistry and Biochemistry, University of California, Los Angeles, 607
Charles E. Young Drive East, Los Angeles, California 90095-1569, USA

8California NanoSystems Institute, University of California, Los Angeles, 570 Westwood Plaza,
Los Angeles, California 90095-1569, USA

We report a class of perfunctionalized dodecaborate clusters that exhibit high stability towards
high concentration electrochemical cycling. These boron clusters afford several degrees of
freedom in material design to tailor properties including solubility and redox potential. The
exceptional stability of these clusters was demonstrated using a symmetric flow cell setup for
electrochemical cycling between two oxidation states for 45 days, with post-run analysis showing
negligible decomposition of the active species (<0.1%). To further probe the limits of this system,
a prototype flow device with two different boron cluster materials was used to determine that the
two cluster species were stable in the presence of each other. This work effectively illustrates the

potential of bespoke boron clusters as stable materials for electrochemical cycling applications.
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Introduction

The ability to reversibly shuttle electrons over a range of timescales is a ubiquitous feature
found in both natural and synthetic molecules containing metals, and is essential for energy
conversion and storage applications.®-°" Energy storage systems often utilize redox active metal
cations as stable salts or coordination complexes, though inherent limitations hinder the degree to
which solubility and redox potential of these species can be modified.?® Metal-free species also
undergo well-defined redox processes, with several organic systems featuring highly tunable
electrochemical and physical properties, though decomposition due to inherent reactivity of radical
intermediates formed during single electron shuttling is a common pitfall.**% To mitigate this
undesired reactivity, systems have been designed to delocalize radical density throughout
neighboring bonds and/or sterically protect the site of the unpaired electron, which can lead to a

dramatic improvement in the electrochemical cycling of these compounds.®8-9%101

Perfunctionalized dodecaborate clusters (B12(OR)12) are a promising new class of redox
materials, which have been demonstrated to exhibit highly reversible redox activity when
decorated by different substituents (Figure 13).41%2 Many of these boron clusters are extremely
robust molecules, exhibiting remarkable thermal stability (up to 500 °C with no degradation) and
resistance to strong acids and bases.?! Over a dozen B12(OR)12 clusters have been synthesized and
electrochemically characterized by cyclic voltammetry (CV), exhibiting a wide range of
electrochemical properties for the same redox transitions, reversibly accessible via sequential one-
electron oxidation or reduction.**1% In addition, the solubility and size of functionalized boron
clusters can be modified to incorporate specific properties tailored for desired
applications.5%6>102.103 Myltiple tunable parameters, combined with the exceptional stability of the

cluster core allows for a broad design space with several degrees of freedom. Extending beyond

65



voltammetric studies and ex-situ evaluation of stability, this work seeks to demonstrate the
viability of these boron clusters in complex electrolyte environments found in modern and
emerging electrochemical systems. In this work, we demonstrate that these B12(OR)12 compounds
can be electrochemically charged and discharged multiple times over 1000 hours without any
apparent chemical degradation (see Sl). Utilizing these attractive electrochemical properties, we
have furthermore assembled a proof-of-concept redox flow battery device, where performance of

this metal-free cluster system was further tested.
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Figure 13. “Anatomy of a boron cluster” illustrating reversible redox activity tunable via
substituents, the robust nature of the cluster core stabilized by strong B—O bonds, and the highly
delocalized electron density in 3D around the entire cage.

An improved method to synthesize B12(OR)12 clusters was recently reported, allowing full
substitution of all 12 vertices of [B12(OH)12]* with alkyl or benzyl functional groups via
microwave-assisted synthesis.'® Importantly, we and others have previously demonstrated that
this class of molecules can undergo reversible redox reactions using cyclic voltammetry (CV) and

the electrode potential at which these redox events occur can be tuned as a function of the R
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group.**1%2 While voltammetric analysis of these compounds can be useful for initial analysis of
redox processes, during these tests the materials are only charged for short durations, with only a
small fraction of the active material charged at any given time. In order to better evaluate and
understand the stability of this system to electrochemical cycling associated with bulk charge
storage, we decided to test these molecules further under controlled conditions that more closely
mimic energy storage applications. We started by identifying two model B12(OR)12 cluster systems
with high (1) and low (2) redox potentials relative to each other. The high-potential cluster 1
features 12 benzyl substituents with perfluorinated alkyl groups, which, due to their inherent
inductive electron-withdrawing nature, increase redox potential for the 2-/1- redox couple.®? For
a cluster system exhibiting redox properties at lower potential, we designed 2, which contains 12
inductively electron-donating alkyl groups with terminating OMe moieties that improve solubility

in polar solvents. Both species have a solubility >0.1 M in acetonitrile.
Results and Discussion

As an initial test for benchmarking stability, cyclic voltammetry (CV) on a glassy carbon
electrode was conducted to provide information about the redox potential (average of the anodic
and cathodic peak potentials), chemical reversibility (peak current ratio), electrochemical
reversibility / Kinetics (anodic and cathodic peak potential separation), and the diffusion
coefficient. All CV measurements were performed in 0.5 M tetrabutylammonium
hexafluorophosphate (TBAPFs) in acetonitrile (MeCN) (background scan Figure S1) with a gold
counter electrode, and a fritted Ag/Ag™ reference electrode. The reference electrode was calibrated
to the ferrocene/ferrocenium (Fc/Fc™) redox couple before every measurement taken. Figure 14
shows the cyclic voltammograms for accessing the first oxidation of 1, the first reduction of 2, and

the mixture of the two compounds to ensure that no deleterious interactions occur.
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Figure 14. Cyclic voltammograms of 127 (top, red), 2% (middle, black), and a mixture of the
two clusters (bottom, blue) at 1 mM in 0.5 M TBAPFg in MeCN at a scan rate of 10 mV s?,
referenced to ferrocene/ferrocenium at 0 V.

The first oxidation of 1 and the first reduction of 2 occur at 0.074 V vs. Fc/Fc* and -0.256
V vs. Fc/Fc*, respectively. Both materials show excellent chemical reversibility on the CV
timescale (~seconds-minutes) as evidenced by a peak current ratio close to one across all scan rates
(2: 0.97 £ 0.01, 2: 1.00 + 0.02). Additionally, both redox couples show electrochemical
reversibility because they both have a peak separation of 61 + 1 mV (Nernstian is 60 mV at ambient
glovebox temperature), which is invariant of scan rate. Lastly, the diffusion coefficients of the
starting materials were calculated using Randles-Sevcik analysis (Figure S2) with scan rates of 10,

20, 30, 40, 50, 60, 75, and 100 mV s, and were determined to be 3.3 x 10 cm? s'1. While these
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Table 2. Measured redox potentials, peak separations, peak-current ratios, and diffusion
coefficients for 127> and 2%, All cyclic voltammetry was performed at 1 mM active material
concentration. The peak separations and peak-current ratios were calculated at a scan rate of 10
mV st in 0.5 M TBAPFs in MeCN. All measurements were performed in triplicate.

Potential Peak Peak Current Ratio gg;f?fsi::?gm
(V vs. Fc/Fc™) Separation (mV) (ip,red/ip,ox) (x 10 cm? 1)
1% 0.074 +0.001 61+1 0.97 £0.01 3.3x0.1
20 -0.256 +0.001 61+1 1.00 £ 0.02 3.3x0.1
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Figure 15. Symmetric flow cell cycling results. a) Symmetric flow cell setup. b) Charge and
discharge capacity plotted (left) as a function of cycle number in along with coulombic efficiency
(right). Arrowheads (colors match c) indicate cycles for which the voltage profile is shown in (c).
c) Charge and discharge voltage profiles are shown for select cycles. d) Detailed view of coulombic
efficiency as a function of cycle number. Gray dashed lines in (b) and (d) indicate interruptions of
the experiment due to intentional electrolyte rebalancing (424 h) and a building power outage (632

h).
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values are about an order of magnitude lower than the small organic molecules reported in similar
electrolyte solutions, as expected based on the Stokes-Einstein relation (diffusivity is inversely
proportionally to the molecular radius) and borate cluster size, the diffusion coefficients are still
sufficiently large to support a range of electrochemical applications.®>% Table 2 summarizes the
properties obtained from the electrochemical techniques. Clusters 1 and 2 appear to be non-
interacting on the CV timescale because the voltammogram with both materials present is a
superposition of the two independent scans with no changes in original peak shape, height, or

position, and no new peaks appearing as a function of cycling.

The symmetric flow cell allows for cycling of both the reduced and oxidized species in the
cluster redox pairs to determine the active species stability without the convoluting effects of side
products generated at the counter electrode or the mass transport enforced concentration
limitations which are both associated with conventional bulk electrolysis apparatus.1%>-19” We ran
a symmetric flow cell with 1, and the results are shown in Figure 15. Figure 15a shows the cell
setup, initial active species distribution within the reservoirs, and primary redox reactions
occurring during a charging step. During a discharge step, these reactions occur in reverse. All
flow cell experiments used a 2.55 cm? cell %619 with interdigitated flow fields, 2 layers of SGL
29AA carbon paper electrodes, a flowrate of 10 mL min™, and a Daramic 175 separator. Each
reservoir initially contained 10 mL of 0.05 M 1%/0.05 M 1>/ 0.5 M TBAPFs in MeCN. Although
it is generally desirable to test at higher active species concentrations (> 0.1 M), to both reduce
mass transport resistance and explore more practical electrolyte formulation, given the challenges
associated with materials synthesis at this scale, we sought to first demonstrate behavior a lower

concentration. Consequently, we have used a low current density of 5 mA cm, to mitigate the
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effect of mass transfer limitations on the accessed capacity. Detailed experimental conditions and
impedance spectra are included in the SI (Figure S3). Figure 15b shows capacity and coulombic
efficiency as a function of cycle number and illustrates the low fade rate due to the high level of
material stability. The cell retained high (> 96%) coulombic efficiency and 40% of the initial cell
capacity after 1089 h (45 days) of cycling, which exceeds the duration of many of the published
nonaqueous RFB stability studies.~s*2 We suspect that some of the late-stage attributes of cell
fade, specifically the decrease in accessed capacity and unstable coulombic efficiency, are due to
a combination of imperfect sealing within our system and pressure driven crossover. Although
compression fittings and expanded PTFE gaskets are used for sealing purposes, we inevitably lose
some redox active electrolyte. A slow rate of evaporation may also bias these material losses
towards volatile components, specifically the solvent, which will slowly increase the solution
viscosity and can promote slow leaks (observed), via an increased system pressure, within our cell
over time. Dashed gray vertical lines indicate experimental interruptions. The cycling was stopped
briefly to rebalance the electrolyte reservoirs at 424 h as the reservoir levels were visibly
mismatched (ca. 5 mL vs. 15 mL). A second (unintentional) interruption occurred at 632 h when
the building lost power. VVoltage profiles from select cycles, as indicated by arrowheads, are shown
in Figure 15c, illustrating the appreciable fraction of the theoretical capacity that is repeatedly
accessible for select cycles over all uninterrupted segments of the experiment. Note that at least
one cycle is shown from each uninterrupted segment of the cycling protocol. The third cycle
shown, cycle 200, takes place after the electrolyte rebalancing at 424 h, and the increase in capacity
(30%) from cycle 140 is indicative of a crossover imbalance within our experimental setup. We
attribute the limited approach to theoretical capacity (80% for cycle 1) to the mass-transfer

limitations at extreme states of charge which are exacerbated by the relatively low total
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concentration (0.1 M). Figure 15d shows the coulombic efficiency as a function of cycle number

over 498 cycles in detail. For the entire experiment the coulombic efficiency remained high (>

96%), indicating good material stability.

Given the demonstrated material stability, electrochemical activity, and design variability

of perfunctionalized dodecaborate clusters, we sought to evaluate their use in a full redox flow

battery (RFB). RFBs utilize flowable, redox-active electrolytes, which are pumped through an

electrochemical reactor to store and release energy as redox-active components are oxidized or

reduced.!*® Economic viability of RFB systems are particularly sensitive to active species material

properties,'* such as solubility and redox potential, thus, it seems appropriate for a tunable

molecular framework.
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Figure 16. Full cell cycling results. a) Flow cell setup for cycling at 5 mA cm showing premixed
redox-active electrolytes. b) Voltage profiles for selected cycles. ¢) Capacity and d) efficiency as

a function of cycle number
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Figure 16 shows the full cell results where we cycle 2%* (low potential) vs. 127** (high potential)
at 5 mA cm. Both reservoirs initially contained 10 mL of 0.05 M 2°/0.05 M 12/ 0.5 M TBAPF
in MeCN. Utilizing the two materials together leads to a cell voltage of 0.33 V. Indeed, this is
lower than desirable for a RFB, but full cell cycling can highlight the stability of the highly tunable
borate clusters.!%? Specifically, this pairing of borate clusters was selected for this experiment
based on preliminary assessment of stability, solubility, and synthesis simplicity in spite of the low
average discharge voltage, 0.258 V. The cell configuration, which used pre-mixed electrolytes,
similar to an Fe-Cr RFB to mitigate crossover-driven capacity fade, is shown in Figure 16a!*311°,
Detailed experimental conditions and impedance spectra are included in the SI (Figure S4). Figure
16b shows the charge and discharge profiles for cycles 1, 50, 100, 150, and 200, spanning 248 h
of experiment time. Figure 16¢ shows the capacity as a function of cycle number, which remains
relatively stable and has a mean value of 0.366 Ah L (55% of theoretical) based on discharge.
Energy, current, and voltage efficiencies are shown in Figure 16d. The low average voltage
efficiency, 66%, can be largely attributed to the low cell voltage, as well as significant
contributions from ohmic and mass-transfer overpotentials as we are operating at a low
concentration of active species. Specifically, the voltage losses within the cell are not atypically
large as compared to prior nonaqueous flow battery literature'116:117: however, they constitute a
larger fraction of the total cell voltage, thus significantly impacting the voltaic efficiency. The
ohmic resistance, as determined through a high-frequency electrochemical impedance scan, was
3.6 Q cm?, and contributes 23% of the voltage losses (i.e., 8% of the average charging voltage).
The combination of stable capacity along with moderate average coulombic efficiency, 87%,
suggests that the cell experiences significant non-destructive, parasitic charge-transfer pathways,

presumably crossover coupled to self-discharge. These system losses may be largely improved
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through ongoing membrane research for RFBs 104118119 In particular, these clusters may in fact
be large enough'® (ca. 2-3 nm) to appreciably reduce crossover rates with size-selective separators
when compared with smaller redox-active organic molecules (ca. 0.6 nm), and possibly avoid
functionalized membranes, which has significant implications in terms of system cost and research

timeline 119122,

Conclusion

In conclusion, we have demonstrated the design versatility and some electrochemical properties
of perfunctionalized dodecaborate clusters. This broad class of materials offers numerous material
design pathways through the tailoring of the cluster decoration for improvements in solubility,
redox potential, and stability. This work expands upon the repertoire of cluster-based materials
amenable to electrochemical cycling,*?%128 with symmetric flow cell cycling of 1%/ validating
the exceptional stability of this material as it is cycled between 2 oxidation states for 45 days. Full
flow cell cycling illustrates stability of 17>~ and 2%~ in the presence of each other and the viability
of these clusters as RFB active materials. The most promising pathway for improvement of cell
performance is through development of a higher voltage redox pair, which would greatly reduce
the relative contributions of these losses. Although this preliminary flow cell demonstration has
relatively non-competitive performance attributes, we have briefly discussed several pathways
towards its improvement. Specifically, our future work will look to improve the system
performance in terms of cell voltage and capacity through the modification of dodecaborate cluster

functionalization and cell design characteristics, such as separator selection.
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Supporting Information

NMR spectra, elemental analysis, and mass spectra of the dodecaborate clusters along with

additional flow cell and bulk electrolysis data is provided.
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Supporting Information

Experimental Section
General considerations

Microwave synthesis reactions and all post-microwave work-up and characterization was
performed under ambient conditions. The “ambient conditions” for this manuscript refer to room

temperature (20 - 25 °C) and uncontrolled laboratory air.

Materials

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.
MilliQ water described in this manuscript refers to purified potable water with a resistivity at 25
°C of < 18.2 MQ-cm. [NEtsH]2[B12H12] was purchased from Boron Specialties (USA). Ethanol
(200 proof) was purchased from Decon Labs and used as received. Dowex 50W X8 (100-200
mesh, hydrogen form), FeClz-6H20 (> 97%), CsOH-1H20 (> 99.5%), [N"Bus]OH (40% in H20),
acetonitrile (> 99.99%), dichloromethane (> 99.5%), ethyl acetate (> 99.5%), hexanes (> 98.5%),
triethylamine (> 99%), and N,N-diisopropylethylamine (> 99%) were purchased from Sigma-
Aldrich. 3,5-Bis(trifluoromethyl)benzyl bromide (97%) and 1-bromo-3-methoxypropane (98%)
were purchased from Oakwood. NaOH (Certified ACS, 99.2%) and hydrogen peroxide (30% in
H>0) were purchased from Fisher. For electrolyte preparation, acetonitrile (MeCN, 99.9%, Extra
Dry AcroSeal®) was purchased from Acros Organics, and tetraethylammonium tetrafluoroborate
(TEABF4, 99.9%) was purchased from BASF. All electrolyte solutions were prepared in an Ar-
filled (Airgas, 99.999%) glovebox at room temperature in volumetric flasks. All reagents were

used as received unless otherwise indicated.
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Instrumentation

A Bruker AV400 spectrometer was used to obtain B, *H, and '°F NMR spectra and Bruker
Topspin software was used to process the NMR data. *H NMR spectra were referenced to residual
solvent resonances in deuterated solvents (8 7.26 for CDCls). !B and '°F NMR spectra were

referenced to BFs-Et,0 (8 0.00 and & -153.38 for 1B and °F, respectively).

Mass spectrometry data was acquired using a Thermo Scientific™ Q-Exactive™ Plus instrument

with a quadrupole mass filter and Orbitrap mass analyzer.
Elemental analyses were performed by Atlantic Microlab, Inc. (Norcross, GA).

Microwave synthesis

Microwave reactions were performed using a CEM Discover SP microwave synthesis reactor.
Except where noted otherwise, all reactions were performed in glass microwave reactor vials
purchased from the vendor. Reaction vials were sealed with silicone/PTFE caps, or using the 80
mL vessel pressure regulator accessory cap. Small (1 cm long) egg-shaped PTFE-coated stir bars
were used in the vials with magnetic stirring set to high and 15 seconds of premixing prior to the
temperature ramping. All microwave reactions were carried out at 140 °C with the pressure release
limit set to 250 psi (no reactions exceeded this limit to trigger venting) and the maximum wattage
set to 250 W (the power applied was dynamically controlled by the microwave instrument and did
not exceed this limit for any reactions). Column chromatography was performed using 4 cm inner
diameter glass fritted chromatography columns with 20-30 cm of slurry-packed silica gel to ensure
full separation of reagents and products. Unfiltered pressurized air was used to assist column

chromatography.
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Synthesis of [N"Bus]2B12(OH)12
Synthesis of [N"Bus]2B12(OH)12 was performed starting with Csz[B12H12] (ion exchanged from

[NEtsH]2[B12H12] using CsOH-1H,0) according to a reported procedure.®® Note: the hydroxylation
procedure should always be undertaken with caution and careful planning to ensure the
Cs2[B12H12] reagent is pure and contains no organic contaminants. Blast shielding to contain any
possible explosions should be utilized. Under no circumstances should the hydrogen peroxide used
in the reaction come into contact with any organic material or solvents due to possibility of an

explosion.
Synthesis of [1]% & [1]*

| 2- 2TBA* | 1- TBA*

CF3

112 CF 1- CF
[1] 3/42 [1] 3/42

Clusters [1]%> and [1]* were synthesized using an adapted method from a previous report.%?

[11%: [N"Bus]2B12(OH)12 (2.0 g, 2.4 mmol) was added to an 80 mL glass microwave vial and
dissolved in 15 mL of acetonitrile. N,N-diisopropylethylamine (8.0 mL, 45.9 mmol) and 3,5-
bis(trifluoromethyl)benzyl bromide (8.0 mL, 43.6 mmol) were added along with a stir bar, the vial
was sealed with an 80 mL vessel pressure regulator accessory cap, and the mixture was heated at
140 °C with stirring in the microwave for 1.5 hours. The excess acetonitrile was evaporated by
rotary evaporation in a round bottom flask, and the residue was loaded onto a slurry-packed silica
gel column (pre-flushed with 30 mL triethylamine dissolved in 140 mL 35/65 [v/v] ethyl
acetate/hexane) using 35/65 [v/v] ethyl acetate/hexane and ~3-4 mL acetone (to rinse the sides of

the round bottom flask). The remaining 3,5-bis(trifluoromethyl)benzyl bromide reagent was eluted
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through the silica column using 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the
light-yellow product band (near solvent front). The acetone was removed by rotary evaporation
and transferred to a 20 mL glass vial, and the oily substance was dried under high vacuum at 60
°C for 2 hours to obtain 8.04 g (93.6%) of pure, isolated product. Compound [1]% is a very light
yellow solid *H NMR (400 MHz, CDCls): § 7.73 (br s, 24H, ortho-CeHs), 7.50 (br s, 12H, para-
CeHs3), 5.55 (br s, O-CHy), 3.06 — 2.96 (m, 16H, N-CHy), 1.60 — 1.47 (m, 16H, N-CH,CH>), 1.41
—1.27 (m, 16H, N-(CH.)2CHy), 0.94 (t, 24H, N-(CH2)sCHa). 1'B{*H} NMR (128 MHz, CDCls):
§ -15.43 (br s, 12B). 1%F NMR (376 MHz, CDCla): & -63.50 (s, 72F). HRMS (Orbitrap): m/z
calculated for CiosHeoB12F72012 (M%), 1523.7079 Da; found, 1523.7042 (z=2) Da. Calc. for

C140H132B12F72N2012: C, 47.61; H, 3.77. Found: C, 47.17; H, 3.76.

[1]%: [N"Bus]2B12(OH)12 (2.0 g, 2.4 mmol) was added to an 80 mL glass microwave vial and
dissolved in 15 mL of acetonitrile. N,N-diisopropylethylamine (8.0 mL, 45.9 mmol) and 3,5-
bis(trifluoromethyl)benzyl bromide (8.0 mL, 43.6 mmol) were added along with a stir bar, the vial
was sealed with an 80 mL vessel pressure regulator accessory cap, and the mixture was heated at
140 °C with stirring in the microwave for 1.5 hours. The excess acetonitrile was evaporated by
rotary evaporation in a round bottom flask, and the residue was loaded onto a slurry-packed silica
gel column using 35/65 [v/v] ethyl acetate/hexane and ~1-2 mL acetonitrile (to rinse the sides of
the round bottom flask). The remaining 3,5-bis(trifluoromethyl)benzyl bromide reagent was eluted
through the silica column using 35/65 [v/v] ethyl acetate/hexane, followed by acetone to elute the
slightly pink/light-yellow product band (near solvent front). The acetone was removed by rotary
evaporation and the residue was dissolved in 21 mL 9:1 [v/v] ethanol/acetonitrile, 1.67 g
FeCl3-6H20 was added, and the mixture was left to stir at room temperature overnight. The

volatiles were removed via rotary evaporation, and the residue was dissolved in dichloromethane
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and filtered through a 1 cm thick silica plug in a wide glass fritted funnel (8.5 cm inner diameter)
to remove most of the iron. The filtrate was concentrated via rotary evaporation, then eluted
through a silica gel column with dichloromethane, collecting the purple band containing the
product. The dichloromethane was removed via rotary evaporation, and the solids were transferred
to a 20 mL glass vial and dried under high vacuum overnight to obtain 5.80 g (72.5%) of pure,
isolated product. Compound [1]* is a red-purple solid. *H NMR (400 MHz, CDCls): § 8.45 —7.41
(br m, 36H, CeHs), 3.19 — 3.07 (m, 8H, N-CHj), 1.72 — 1.63 (m, 8H, N-CH2CHy), 1.53 — 1.42 (m,
8H, N-(CH2)2CH), 1.05 (t, 12H, N-(CH2)3CHzs). Note: The CH: signal for the cluster is masked
and all other peaks are quite broad due to the paramagnetic radical state of the molecule. No
resonances are visible by B NMR, due to paramagnetic broadening. °F NMR (376 MHz,
CDCls): & -63.45 (s, 72F). HRMS (Orbitrap): m/z calculated for CiosHeoB12F72012 (M%),
1523.7079 Da; found, 1523.7059 (z = 2) Da. Calc. for C124HesB12F72NO12: C, 45.27; H, 2.94.
Found: C, 45.26; H, 3.06.

Synthesis of [2]°

[N"Bu4]2B12(OH)12 (0.5 g, 0.61 mmol) was added to an 35 mL glass microwave vial and dissolved
in 10 mL of acetonitrile. N,N-diisopropylethylamine (2.0 mL, 11.5 mmol) and 1-bromo-3-
methoxypropane (8.2 mL, 73.4 mmol) were added along with a stir bar, the vial was sealed with a
silicone/PTFE cap, and the mixture was heated at 140 °C with stirring in the microwave for 2
hours. The excess acetonitrile was evaporated by rotary evaporation in a round bottom flask, and
the residue was loaded onto a slurry-packed silica gel column using 35/65 [v/v] ethyl
acetate/hexane. The remaining 1-bromo-3-methoxypropane reagent was eluted through the silica
column using 35/65 [v/v] ethyl acetate/hexane, followed by 3:1 [v/v] hexane/acetone to elute the

product, initially a pink band which turns orange as it oxidizes along the length of the column.
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After elution of the orange neutral product band, the remaining pink 1-/2- cluster was eluted with
acetone. For the pink fraction, the acetone was removed by rotary evaporation and eluted through
a second slurry-packed silica gel column using the same 3:1 [v/v] hexane/acetone solution. The
orange product was collected and combined with the first orange fraction, the acetone was removed
by rotary evaporation, the product was transferred to a 20 mL glass vial, and the oily substance
was dried under high vacuum overnight to obtain 231 mg (31.5%) of pure, isolated product.
Compound [2]° is a dark brown oil. *H NMR (400 MHz, CDCls): § 4.10 (t, 24H, B-O-CHy>), 3.44
(t, 24H, CH,-OCHs), 3.31 (s, 36H, CH2-OCHs3), 1.83 (quin, 24H, O-CH2-CH,-CH,-0). MB{*H}
NMR (128 MHz, CDCl3): 6 41.60 (br s, 12B). HRMS (Orbitrap): m/z calculated for C4gH108B12024
(M), 1198.8420 Da; found, 1198.8425 Da. Calc. for CsgH108B12024: C, 48.08; H, 9.08. Found: C,

48.65; H, 9.19.

Cyclic Voltammetry and Randles-Sevcik Analysis

All preparation and cyclic voltammetry (CV) measurements were performed in an argon-filled
glovebox (MBraun Labsaster, O»> < 1 ppm, H.O <5 ppm) at ca. 26 °C. The electrolyte used was
0.5 M TBAPFg in MeCN (figure S1). Solutions were prepared in a volumetric flask in order to
account for the volume change from the high concentration of supporting salt. CV was performed
in a 3-electrode cell with a 3 mm diameter glassy carbon disk working electrode (CH Instruments),
a gold coil counter electrode (CH Instruments), and a fritted Ag/Ag+ reference electrode (fill
solution: 0.05 M AgBFs, 0.5 M TEAPFs, propylene carbonate). Before every CV, the working
electrode was polished on a MicroCloth pad with an aqueous slurry of 0.05 pm alumina powder
(Buehler Ltd.), rinsed with deionized water (Millipore), and dried with lens paper (VWR). In order
to reference to ferrocene, before every CV measurement, an additional CV was taken in the

electrolyte with ferrocene as the active material. All CV data was collected on a VSP-300
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potentiostat (Bio-Logic), and a 100% automated iR compensation was applied. The average
resistance measured was about 20 Q, leading to a total voltage compensation of about 0.3 mV for
the highest currents. CV measurements were taken at scan rates of 10, 20, 30, 40, 50, 75, and 100
mV s and were used to calculate the redox potential, peak separation, peak current ratio, and
diffusion coefficient. The redox potential was calculated by taking the average of the potentials
corresponding to the anodic and cathodic peak currents, while the peak separation was calculated
by taking the difference between these two potentials. The peak current ratio was calculated by

taking the ratio of the background corrected peak current for the anodic and cathodic peak.

0.2F -

0.1}k .

Current (uA)
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Potential (V vs. Fe/Fc')

Figure S1. Background cyclic voltammograms of 0.5 M TBAPFs in MeCN taken at a scan rate of
10 mv s,

In order to calculate the diffusion coefficient, the Randles-Sevcik relationship (figure S2) was

used for all of the scan rates:

i, = 0.4463nFAC <ﬁv>

where ip is the peak current (A), n is the number of electrons transferred (n = 1), F is Faraday’s
constant (96485 C (mol )2, A is the electrode area (0.0707 cm?), C is the bulk concentration (1

x 10® mol/cm?®), R is the universal gas constant (8.314 J mol* K1), T is the temperature (299.15
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K), D is the diffusion coefficient (cm? s*) and v is the scan rate (V s). Again the peak current was
determined from the peak current from the voltammograms and subtracting an extrapolated

background current.
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Figure S2. Cyclic voltammograms as a function of scan rate for 1 (a) and 2 (c), and the
corresponding Randles-Sevcik peak-current analysis for 1 (b) and 2 (d). All of the experiments
were conducted with 1 mM active material in 0.5 M TBAPFs in MeCN.

Flow Battery Methods and Discussion

Flow cell measurements employed a research-scale, 2.55 cm? flow cell described in past work®1%,
Flow fields were machined from impermeable graphite (Tokai G347B, MWI, Inc.) in-house and
the engineering drawings are published in past work®. Sigracet® SGL 29AA carbon paper
electrodes (190 + 30 um) were purchased from the Fuel Cell Store and used as received. Both the

symmetric and full cells were tested with a flowrate of 10 mL/min, a Daramic 175 porous
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separator, 2 layers of Gore® expanded polytetrafluoroethylene (ca. 250 pum thick) gaskets, and 2
layers of carbon paper per side. A Cole-Parmer Masterflex® pump drive with an Easy-Load® 11
pump head was used to control the flowrate. Perfluoroalkoxy reservoirs (10 mL) were purchased
from Savillex, and the volumetric capacities presented within this work only accounted for the
total volume of electrolyte within the system (20 mL). For the symmetric flow cell, each 10 mL
reservoir contained 0.05 M 1%/ 0.05 M 1%/ 0.5 M TBAPFs in MeCN initially. For the full cell,
each 10 mL reservoir contained of 0.05 M 2°/0.05 M 1%/ 0.5 M TBAPFg in MeCN. Premixing
was employed to mitigate confounding effects of rapid crossover due to the use of Daramic 175, a

nonselective porous separator.

All flow cell experiments were controlled with a Bio-Logic VMP3 potentiostat. After
setting up the initial cell and turning the pump on, the cell was allowed to sit for 30 min prior to
electrochemical measurements. We then cell was then subjected to electrochemical impedance
spectroscopy (EIS), followed by galvanostatic cycling with potential limitations (GCPL). EIS
measurements were taken with frequencies ranging from 200 kHz to 10 mHz with 6 points per
decade, 5 measures per frequency, and an absolute (sine) amplitude of 10 mV. The EIS is shown
in figures S3 and S4 for the symmetric and full cell, respectively. GCPL was performed at 5 mA
cm?, without any constant potential holds. Voltage limitations were set as -0.3 V —0.3 V and 0.10

V —0.58 V for the symmetric and full cells respectively.

86



1 1 1
~3F -
N
£
S,L |
<3 .0'°o.
N o* .
E1F .o. e -
= o *
L . .
4 6 8 10

Re[Z] (2 cm?)

Figure S3. Symmetric cell EIS at 50% state-of-charge.
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Figure S4. Full cell EIS at 0% state-of-charge.

Post-Flow Cell Analysis of [1]* & [1]*

After the symmetric flow cell cycling of [1]> & [1]*, the solution containing the two

materials and the electrolyte (TBA-PFg) was recollected and the solvent was removed via rotary

evaporation. The mixture was analyzed by 'B{*H}, '°F, and *H NMR spectroscopy for evidence

of any chemical degradation (easily identified by the presence of any borate decomposition

products with characteristic resonances around & 20.0 or 0.0 in the *'B{*H} NMR). There were no

decomposition products visible in any of the NMR spectra, only resonances matching both the 2-
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and 1- oxidation states of [1] along with the presence of TBA-PFes. The only non-cluster signal
visible in the *B{*H} NMR integrates to below 0.1%, indicating no chemical decomposition of

the boron cage.
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Chapter 5: Conclusions

In conclusion, new methods were developed to rapidly synthesize perfunctionalized
dodecaborate clusters, thus enabling fine control of desired redox potential and other photophysical
properties for novel cluster species. A new microwave-based method for synthesizing
perfunctionalized B12(OR)12 dodecaborate clusters under ambient conditions was demonstrated.
This method significantly reduced reaction times compared to previously reported protocols while
completely eliminating the need for handling reactions in inert atmosphere. This method enabled
rapid synthesis of 20+ known and novel cluster derivatives, including multiple B12(OR)12 species
featuring higher redox potentials than any reported clusters of this type. The robust nature of the
microwave-assisted synthesis method also allowed the formation of hybrid vertex-differentiated
B12(OR)11(OR) clusters via a one-pot, single-step reaction, previously inaccessible except through
lengthy multi-step protocols. A new class of vertex-differentiated B12(OR)11(NO2) clusters was
also developed using the same microwave-based methods, which exhibited redox properties ~ 0.5
V higher than their B12(OR)1> analogues, further extending the tunable redox window for
perfunctionalized boron clusters. Lastly, the extreme electrochemical stability of these clusters was
demonstrated by bulk cycling in a flow cell apparatus. B12(OR)12 clusters in symmetric flow cell
exhibited no decomposition even after 1000+ hours and ~500 cycles, and a prototype all-boron
cluster flow battery device exhibited stable cycling for more than a week. In summary, the new
methods developed allow targeted rapid synthesis of boron clusters with specific photophysical

and redox properties, enabling significantly accelerated investigation of new research directions.
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Appendices (Supplemental Spectra & Data)
Supplemental spectra & data for Chapter 2
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NAME B12(0-Bn)12

EXPNO 40
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150410
Time 16.58
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H

CPDPRG[2 waltz16

PCPD2 90.00 usec
PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776050 MHz
WDW EM
SSB 0
LB 50.00 Hz

o B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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BC NMR

&
S

12 BRUKER
— v — N

A O — I g
oo <t ch o [

S ® S o

¥ Qdaa @

— ——— o~

Current Data Parameters
NAME B12(0-Bn)12

EXPNO 100
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150407

Time 0.07
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536

SOLVENT CH30H+D20
NS 64
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54

T I DW 16.000 usec

128.0 127.5 ppm oE S wsee

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C
Pl 9.63 usec

PLWI1 23.00000000 W

========CHANNEL {2 ========
SFO2 500.1330008 MHz

NuUC2 1H

CPDPRG[2 waltz16

PCPD2 80.00 usec

PLW2 13.50000000 W

PLWI2 0.21094000 W

PLWI13 0.13500001 W

F2 - Processing parameters

SI 131072
SF 125.7574315 MHz
WDW EM
SSB 0
LB 1.00 Hz
T T T T T T T T 1 GB 0

T T T T T T T T T , T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm PC 1.40
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o
5

7.191
7.177
7.174
7.170
7.168
7.156
7.142
7.139
7.095

7.082

7.079

—5.249

'H NMR

36.892
23.940

g -

a -

24.000

1
ppm

C><)

(<O

Current Data Parameters

NAME B12(0-Bn)12
EXPNO 101
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150407

Time 0.09
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2g30

TD 65536
SOLVENT  CH30H+D20
NS 8

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec

RG 63.27

DW 50.000 usec

DE 10.00 usec

TE 298.0K

DI 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec

PLW1 13.50000000 W

F2 - Processing parameters

SI 65536

SF 500.1287429 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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Q Exactive
High-Res Mass Spec

12

Bn#1 RT:0.01 AV:1 NL: 217E4
T: FTMS - p ESIFull ms [500.00-2000.00]

100 13529674
957
3 12529735
907
853
80
753
703
653
8 607 1414.7183
5 3 _
2 509 |1452.9618
2 - _
= 457 |
T 7 _
4 40
wmm 1152.9805
303
25 | 1552 9545
203 |
= mmw._ﬁmwi 4049
Bm . 1005.9741 16529513
3 7356579
E 946.1210 1707.8867
53 894.3427 r _ i 1862.9178
I ___,_. UL ___ ______ L ] __ o _
600 800 1000 1200 1400 1600 1800 2000
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0
b \ Q Exactive
High-Res Mass Spec

12

Bn#1 RT:0.01 AV:1 NL:4.03E3
T: FTMS - p ESIFull ms [500.00-2000.00]
1414.7183

3

1413.7231

©

1415.7169

©

~

1416.7150

(o2}

N

1412.7253 1417.7207

w

N

-

98

Relative Abundance
OHH?HH?\H\?\\H?\H\%\H\?\H\?H\\?HH?H\

-
N
e
-
o

L s B s B B e B s e s B B I B s B B B B B B B UL L L
1412.0 1412.5 1413.0 14135 1414.0 14145 1415.0 1415.5 1416.0 1416.5 1417.0 14175 1418.0 1418.5

m/z



EPR

3000 -
2000 -
1000 -

Intensity
o

-1000 -

-2000

I G-factor = 2.008121

-3000 — —
3400 3450 3500
Magnetic Field (Gauss)

3550

DOS  Format

ANZ 1024

MIN -2666.883789
MAX 2704.116211
JsS 0

GST  3421.274884
GSI  114.543004
JUN G

JON  Bruker BioSpin GmbH
JDA  11/9/2015
JTM  14:44

JRE  c:\programfiles\bruker-
emx\syscal\st0103.cal
JEX  field-sweep
JSD 1

HCF 3478.546386
HSW 114.543004
EMF 0

RCT 20.48

RTC 20.48

RRG 8.93E+03
RMA 4

MF  9.776766

MP  6.38E-01
MPD 25
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Intensity/ a.u.

B 1s XPS

%

%

194

192

190
Binding energy/ eV

188

100



Nk B {IH} NMR

N, <)

(<O

41.093

Current Data Parameters
NAME BI12(0-Allyl)12

EXPNO 130
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150221
Time 17.36
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.0K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776050 MHz

WDW EM

SSB 0

LB 50.00 Hz
T LI N IR I ERRE AR R i T T b T GB 0

50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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Nk 13C NMR

<)
BRUKER
(. ><)

136.875
114.211
71.562

Current Data Parameters
NAME BI12(0-Allyl)12

EXPNO 80
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150406

Time 23.59
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 64

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
T [ N Bl B S B T I ™ B B I I T LA | T I T GB 0

200 190 180 170 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 ppm PC 1.40
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5.979
5.958
5.945
5.924
5:237
5.233
5:229
5225
5.202
5.199
5.195
5.191

5.069

5.066
5.062

5.059

'H NMR

5.048

5.045
5.041

5.038

4.626

4.623

4.619

4.617

4.613

%ZE&\

®
~
a

12.406

12.480
12.636

wn -

24.000

ppm

C><)

(<O

Current Data Parameters
NAME BI12(0-Allyl)12

EXPNO 81
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150407

Time 0.01
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2g30

TD 65536
SOLVENT CDCI3

NS 8

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec

RG 63.27

DW 50.000 usec

DE 10.00 usec

TE 298.0K

DI 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec
PLW1 13.50000000 W

F2 - Processing parameters
SI 65536

SF 500.1300146 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

| PC 1.00
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Q Exactive
(o) .
~N High-Res Mass Spec
12
AlexAllyl_1#1 RT: 0.01 AV: 1 NL: 5.39E7
T: FTMS - p ESI Full ms [500.00-5000.00]
1004 814.5333
90
80
70
e
G 60
©
8 °
2 ]
< 507
[ -
> ]
g 40
-
30
20
] 1535.8578
104 ‘r
O\ k_}r,rf:;:??‘FJZ:A,:;h,r:},..i:;m_:i,:,:;,Z;:,;,EZ, LR L L L R L L L L i L L L L R B R LN R LR AR RN
500 1000 1500 2000 2500 3000 3500 4000 4500

m/z

5000
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Nk Q Exactive
~ High-Res Mass Spec

AlexAllyl_1#1 RT:0.01 AV:1 NL:5.39E7
T: FTMS - p ESIFull ms [500.00-5000.00]

100

814.5333

©

815.5305

@

813.5362

~

(o2}

N

812.5392
816.5286

w

Relative Abundance
oHH?HH?\H\?\\H?\H\%\H\?\H\?H\\?HH?H

811.5423

-

810.5461
|

817.5288

818.5309
1

808 809 810 811 812 813 814 815 816 817
m/z

818

819 820
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L

-—

37.670

B {'H} NMR

60

50

40

30

20

10

C><)

(<O

Current Data Parameters
NAME B12(0-Et)12

EXPNO 100
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150412

Time 19.11
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3
NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85

DW 9.800 usec
DE 6.50 usec
TE 299.1 K

D1 0.00000400 sec

D11 0.03000000 sec
1

======== CHANNEL f] ========
SFO1 128.3776052 MHz

NUC1 11B

Pl 10.00 usec

PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz

NUC2 1H

CPDPRG[2 waltz16

PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776050 MHz
WDW EM

SSB 0

LB 50.00 Hz

GB 0

PC 1.40
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10 13C NMR

<)
BRUKER
(. ><)

66.793
17.802

Current Data Parameters
NAME B12(0-Ep)12

EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150420
Time 21.23
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 64

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL [ ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NuUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072
L SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
T L 0 A Y DR AN | B LA R [T T T GBS 0

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm PC 1.40
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4.109
4.095

'H NMR

4.081

4.068

1.249
1.235

1.22.1

g

24.000

34.196

C><)

(<O

Current Data Parameters
NAME B12(0-Et)12
EXPNO 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150420

Time 21.30
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG 2g30

TD 65536
SOLVENT CDCI3

NS 64

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec

RG 52.41

DW 50.000 usec

DE 10.00 usec

TE 298.0K

D1 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec

PLW1 13.50000000 W

F2 - Processing parameters

SI 65536

SF 500.1300115 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00

108



10 Q Exactive
~~ High-Res Mass Spec

Et#1 RT: 0.01 AV:1 NL: 4.63E6
T: FTMS - p ESIFull ms [300.00-1200.00]
522.3225

3

©

@

~

(o2}

670.5282

N

459.3269 567.5107

w

Relative Abundance
OHH?HH?\H\?\\H?\H\%\H\?\H\?H\\?HH?H\

-

109
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900 950




10 Q Exactive
~~ High-Res Mass Spec

Et#1 RT: 0.01 AV:1 NL: 1.89E6
T: FTMS - p ESIFull ms [300.00-1200.00]
670.5282

3

669.5317

©

@

~

671.5244

(o2}

668.5356

N

w

667.5391 672.5215

Relative Abundance
OHH?HH?\H\?\\H?\H\$\H\?\H\?H\\?HH?H\

-

666.5427 673.5242

I I F— L
LR R R L L o L L L L L L L B R I N R R B B B o B L L L R L R L L RS B R L L LA AR A R

665 666 667 668 669 670 671 672 673 674
m/z
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/\/\/\._N g
BRUKER

(<O

41.983

Current Data Parameters
NAME B12(O-Hexyl)12

EXPNO 20
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150610

Time 15.09
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.2K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776050 MHz
WDW EM
SSB 0
LB 50.00 Hz

T B A LI N IR I ERRE AR R i T T b T GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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IAo o 13C NMR
NN <)
BRUKER
(<)

Current Data Parameters
NAME BI12(O-Hexyl)12

70.232
31792
—125.854
T™~22.778
—14.080

32206

EXPNO 200
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829

Time 20.52
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDC13
NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz

AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec

D11 0.03000000 sec

TDO 1

======== CHANNEL [ ========
SFO1 125.7722511 MHz

NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz

NuUC2 1H

CPDPRG[2 waltz16

PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072

SF 125.7577890 MHz

WDW EM

SSB 0

LB 1.00 Hz
T L 0 A Y DR AN | B LA R [T T T GBS 0

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm PC 1.40
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'H NMR

1.554
1.537
1.518
1.352
1.333
1.326
1.315
1.312
1.289
1.282
1213
1.265

N

W

g
w

24.000

24.259
73.560

it

36.191

1
ppm

C><)

(<O

Current Data Parameters
NAME Jun10-2015

EXPNO 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150610

Time 15.04
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3
NS 8

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 30.37

DW 62.400 usec
DE 6.50 usec

TE 299.0K

DI 2.00000000 sec
TDO 1
=====—=== CHANNEL f| ========
SFO1 400.1324008 MHz
NUCI1 1H

Pl 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536

SF 400.1300184 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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Q Exactive
High-Res Mass Spec

Hex#1 RT: 0.01 AV:1 NL: 1.13E7
T: FTMS - p ESIFull ms [500.00-2000.00]

100~ 1343.2838
90
80
70+
g A
& 60 1243.1953
5 60
S
3 1
< 507
[ -
-
T 40
r A
30
] 5675366 14232417
20
105
0 ' T ™
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

m/z
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0 Q Exactive
IAO/\/\/\ o High-Res Mass Spec

Hex#1 RT: 0.01 AV:1 NL: 1.13E7
T: FTMS - p ESIFull ms [500.00-2000.00]
1343.2838

3

1344.2816

©

@

1342.2864

~

1345.2811

(o2}

N

1341.2894

w

1346.2817

N

1340.2928

-

1347.2834

1339.2960 1348.2859
|

115

Relative Abundance
OHH?HH?\H\?\\H?\H\$\H\?\H\?H\\?HH?H\

1337 1338 1339 1340 1341 1342 1343 1344 1345 1346 1347 1348 1349
m/z



AAo O B {IH} NMR
NONNNF o )
BRUKER

(<O

41.607

Current Data Parameters
NAME Oct05-2015

EXPNO 51
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151005
Time 15.01
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.05000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776161 MHz
WDW EM
SSB 0
LB 10.00 Hz
T T | I T | I | | I T GB 0

T
60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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139.053
114.229

BC NMR

70.049

_——33.566

T-31.647
—25.474

k

|

T [T L R RARAAAY AR T
190 180 170 160 150 140 130 120 110 100 90

T

80

f
70

T
60

T

50

™
40

T
30

T

20

B
ppm

<)
BRUKER
(. ><)

Current Data Parameters
NAME B12(O-Hexene)12

EXPNO 20
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151021

Time 17.44
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL [ ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NuUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1.40
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Nk 'H NMR

NONNNF o)
BRUKER

(<O

-
N

AN AN OV = AUV AVTANNTIOOATTN OO NN
N~ O NIV ARNODOONEN = — =0 =0V OO AASOWNMAWN
B rnrn rnnrnntSSSrSSFrFT IS TSI SAAdANANAN— = = — — —

T e TSN e

Current Data Parameters
NAME B12(O-Hexene)12

EXPNO 21
PROCNO 1
F2 - Acquisition Parameters
Date_ 20151021
Time 17.48
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 7g30
TD 65536
SOLVENT CDCI3
NS 32
DS 0
SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec
RG 33191
DW 50.000 usec
DE 10.00 usec
TE 298.0 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f]| ========
SFO1 500.1330008 MHz
NUC1 1H
Pl 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
SI 65536
SF 500.1300146 MHz

7/ WDW EM

g & SSB 0
LB 0.30 Hz
GB 0
T 1 PC 1.00

®
g
=)
-
.
w
N =
[
=
=]
g

prgr—
1.000 —
2017 —
1.869 —
2.054 —
2.243 —
2.100,~
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J 0
IAo _
NN

12

Hexene #1 RT: 0.01 AV:1 NL: 6.90E5
T: FTMS - p ESIFull ms [500.00-2000.00]

Q Exactive
High-Res Mass Spec

1154.9421

1320.0980

100+ 612.3997
90

80

70 528.9474
g A
G 60
°
g o
S 7
2 7
< 507 634.9568
R
3 407
-

30 700.4309

20

10

o

500 600 700 800 900

1300

,,3‘

|
A B U R L L L L M B BB B B UL B B U E a L ]

1500

1600

1700

1800

1900

2000
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Hexene #1 RT: 0.01 AV:1 NL: 6.90E5
T: FTMS - p ESIFull ms [500.00-2000.00]

3

©

@

~

(o2}

N

w

N

-

13151135
A

1316.1090

J 0
IAo _
NN

12

1317.1060

1318.1025

1319.1003

Q Exactive
High-Res Mass Spec

1320.0980

1321.0975

1322.0986

1323.0996

|

1324.1085

Relative Abundance
OHH?HH?\H\?\\H?\H\$\H\?\H\?H\\?HH?H\

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

T
1325
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Transmittance

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

IR

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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10 B {'"H} NMR
(o)
NN NN N
it e C><)

(<O

41.474

Current Data Parameters
NAME B12(O-1-undecene)12

EXPNO 20
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150626

Time 12.16
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CD2C12

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776050 MHz

WDW EM

SSB 0

LB 50.00 Hz
T B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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10 BC NMR

<)
BRUKER
(. ><)

139.251
113.801
70.378
33.857
32.274
29.856
29.660
29.641
29.307
29.058
26.243

S\

Current Data Parameters

NAME Jun26-2015
EXPNO 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20150626
Time 14.05
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536
SOLVENT CD2C12
NS 64
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C
Pl 9.63 usec
PLWI1 23.00000000 W
======== CHANNEL {2 ========
SFO2 500.1330008 MHz
NucC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz

T T ™ B AR AR BN LIS A A A AR B | ™ GB o0

160 150 140 130 120 110 100 90 8 70 60 S50 40 30 20 ppm PC 1.40
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©
v
i
—

1.539
1.521

1.386
1.368
1.350

N

1.334
1.328
1.280

C><)

(<O

Current Data Parameters
NAME BI12(O-1-undecene)l2

EXPNO 21
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150626

Time 12.18
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG 7g30

TD 52882
SOLVENT CD2C12

NS 8

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec

RG 83.63

DwW 62.400 usec

DE 6.50 usec

TE 299.0 K

D1 2.00000000 sec
TDO 1

======== CHANNEL {1 ========
SFOI 400.1324008 MHz
NUC1 1H

P1 15.00 usec
PLWI1 13.00000000 W

F2 - Processing parameters
SI 65536
400.1300184 MHz

SF
WDW EM
SSB 0

LB 0.30 Hz
GB 0

11.509

o

11.771
11.809

.

24.000

N -

24.607

27.564
153.463

) PC 1.00

124



Transmittance

100%

90%

80%

70%

60%

50%

40%

30%
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10%

IR

|

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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0
o d) e
N
12 UA.M-V..MMVI

(<O

41.862

Current Data Parameters
NAME B12(O-EtButyr)12

EXPNO 110
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150412

Time 19.19
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776050 MHz

WDW EM

SSB 0

LB 50.00 Hz
T T i ’ T i T m = IR B T AR DR T GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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@AO/\/\%/ ) o TR
S

Current Data Parameters
NAME BI12(O-EtButyr)12

173.319
—69.730
—60.264
—30.900

——127.383
—14.233

EXPNO 60
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150406

Time 2342
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 64

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
T [ N Bl B S B T I ™ B B I I T LA | T I T GB 0

200 190 180 170 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 ppm PC 1.40
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o 'H NMR

o <)

12 BRUKER

(<O

Current Data Parameters
NAME B12(O-EtButyr)12
EXPNO 61
PROCNO 1
F2 - Acquisition Parameters
Date_ 20150406
Time 23.44
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2g30
TD 65536
SOLVENT CDCI3
NS 8
DS 0
SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec
RG 59.34
DW 50.000 usec
DE 10.00 usec
TE 298.0K
DI 2.00000000 sec
TDO 1
======== CHANNEL f] ========
SFO1 500.1330008 MHz
NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
SI 65536
SF 500.1300146 MHz

r WDW EM

_ " " SSB 0

LB 030Hz
GB 0
_ _ : | PC 1.00

~
=)
w
.
w
(]
it

ppm

24.000
20.829
21.143

21.507
35478
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Relative Abundance

Jo

o Q Exactive
IAO/\/\__/O\/ High-Res Mass Spec
12
EtBut#1 RT: 0.01 AV: 1 NL: 250E7
T: FTMS - p ESIFull ms [800.00-2000.00]
100, 1703.9692
%0-
80-
70~
60
50~
ﬁm 1616.9343
30
20
o] ’
ou},_,k,:,_{_}{:?::;:{:,:;:{:%3};:;:;:;:;:;:;:{:,:;:E:,:{:,:;:{,{:,:{:,:{:f:,:;},:;:;,.j}, ,,,k N s s v
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

m/z

2000
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Jo

(o] Q Exactive
/\/\__/0\/ High-Res Mass Spec
12
EtBut#1 RT:0.01 AV:1 NL:2.50E7
T: FTMS - p ESI Full ms [800.00-2000.00]
1703.9692
1005 1702.9714
90
80
ﬁm 1701.9739 1704.9679
g A
& 60
e}
S
3 0
< 507
[ -
> ]
S
x 1700.9773 1705.9695
30
20
] 1699.9805 1706.9712
10
b 1698.9840 1707.9740
ol I A

1698 1699 1700 1701 1702 1703 1704 1705 1706 1707 1708 1709
m/z
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st

41.643

Jo

12

B {'H} NMR

T

T

C><)

(<O

Current Data Parameters
NAME Aug29-2015

EXPNO 160
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829
Time 21.02
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3
NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85

DW 9.800 usec
DE 6.50 usec
TE 299.3K

D1 0.00000400 sec

D11 0.03000000 sec
1

======== CHANNEL f] ========
SFO1 128.3776052 MHz

NUC1 11B

Pl 10.00 usec

PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz

NUC2 1H

CPDPRG[2 waltz16

PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776050 MHz
WDW EM

SSB 0

LB 50.00 Hz

GB 0

PC 1.40

131



BC NMR

&
3

=N
N

<)
BRUKER
(. ><)

_—137.858
T~136.379
_—128.688
T127.265
72.807
21.164

Current Data Parameters
NAME BI12(0-4-MeBn)12

EXPNO 60
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829

Time 22.04
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NuUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
[T T L B L AR RARRRAAAN b T T T T GBS0

190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm PC 1.40
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'H NMR

12

N — ) <t o] (=]

S 0> Nel —

o il (i N

-

-

A J L _
T T T T T 1
8 7 5 4 3 2 1 ppm

o (=} [\

IS S <

™ < =

0 < \O

< S| A

C><)

(<O

Current Data Parameters
NAME B12(0-4-MeBn)12

EXPNO 161
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829

Time 21.05
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec

RG 155.85

DW 62.400 usec

DE 6.50 usec

TE 299.0K

DI 2.00000000 sec
TDO 1

=====—=== CHANNEL f| ========
SFO1 400.1324008 MHz
NUCI1 IH

Pl 15.00 usec

PLW1 13.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300184 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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Q Exactive
High-Res Mass Spec

4MeBn_2#1 RT:0.01 AV:1 NL: 5.81E4
T: FTMS - p ESIFull ms [1000.00-2200.00]

100, 1583.9038
90 1686.9689

80

70
-
G 60
©
S
2 7
< 507
[ -
2 7
3 40
-

30

] 12529725  1352.9656 1479.8417 1719,9561

20 1791.0315

7 14529598 1615.8912

10

oM T | P

T AL AAMI AR R AR R T T AN A R L R R L L R RN Ry AR AN LA AL AN AR RARN AR AR e

1000 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

m/z
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Q Exactive
High-Res Mass Spec

4MeBn_2#1 RT:0.01 AV:1 NL: 5.81E4
T: FTMS - p ESIFull ms [1000.00-2200.00]

o 15820058 19339038
90
80
] 1584.9032
707
g 1581.9081
g 60
©
g ™
ERE
< 507
Wv -
z 7 1585.9047
g 407
R -
] 1580.9104
307
207 1586.9064
e 15799165
] 1578.9193 1987.9097 4588 9063
3 ] i

T T
1578 1579 1580 1581 1582 1583 1584 1585 1586 1587 1588 1589
m/z

135



0
@ Ao \ B {'H} NMR

2 BRUKER

(<O

41.399

Current Data Parameters
NAME B12(0-4-BrBn)12

EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150624

Time 10.50
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776050 MHz
WDW EM
SSB 0
LB 50.00 Hz

T B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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BC NMR

5
=]

=N
N

<)
BRUKER
(. ><)

—138.500
—131.587
72.561

128451
—121.628

Current Data Parameters
NAME Jan13-2016-awixtrom

EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160113
Time 1537
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3

NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL [ ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NuUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072
SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
i [T L R RARAAAY AR L 0 i L LR B S

190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm PC 1.40
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5.061

'H NMR

23.836

23.725

wn -

24.000

C><)

(<O

Current Data Parameters
NAME  Jan13-2016-awixtrom

EXPNO 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160113

Time 15.40
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2g30

TD 65536
SOLVENT CDCI3

NS 16

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec

RG 52.41

DW 50.000 usec

DE 10.00 usec

TE 298.0K

DI 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec

PLW1 13.50000000 W

F2 - Processing parameters

SI 65536

SF 500.1300146 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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4-BrBn#1 RT: 0.01 AV:1 NL: 540E5
T: FTMS - p ESI Full ms [1000.00-2800.00]

1005

©
h
Ll

32 ey
M\H\HHH\RHHMH\\H

A g a0 o O N
.2.8.8.8
[ININERETNNRE]

Relative Abundance

N

m\\ﬁ\\ﬁ\\ﬁ\\

N W

N

HWH\%‘\H%\H?\

1762.5137

Q Exactive
High-Res Mass Spec

2403.6641
2361.6311

1846.4946

2193.6755

2234.7114

11 PR VR T

4l m

25726179

o
Ll

1400 1500 1600

i}
RAAl

1700

T T
1800 1900 2000 2100 2200

I ai T
2300 2400

T
2600
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4-BrBn#1 RT: 0.01 AV:1 NL: 5.12E5
T: FTMS - p ESI Full ms [1000.00-2800.00]

Relative Abundance

1005

N oW @ s s o
H\H?HHMH?HHMH\H\

N

%‘\Hﬁ\\\ﬁ\

o
I

2357.6357

2356.6367

2355.6379

Q Exactive

High-Res Mass Spec

2359.6331

2358.6345

2361.6311

2363.6284

2364.6277

2365.6260

2366.6252

2367.6240

2368.6243

T
2354

T
2356

T T
2358 2360

T T T
2362
m/z

T
2364

T T T
2366 2368 2370
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0
@ 5 \ B {{H} NMR
~ Co<)

F3
12 BRUKER

(<O

41.831

Current Data Parameters
NAME B12(0-4-TFMBn)12

EXPNO 40
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150927

Time 14.58
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.3K

D1 0.05000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776161 MHz
WDW EM
SSB 0
LB 10.00 Hz

T B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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BC NMR
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BRUKER
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¢ YO0 o)
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] BN l] 2

=F AN AN N

— —— o — ~
Current Data Parameters
NAME BI12(0-4-TFMBn)12
EXPNO 20
PROCNO 1
F2 - Acquisition Parameters
Date_ 20150928
Time 13.45
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536
SOLVENT CDC13
NS 64
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
DW 16.000 usec

I T I DE 18.00 usec
TE 298.0 K
Lo 1264 ppm D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C
Pl 9.63 usec
PLW1 23.00000000 W
======== CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072
SF 125.7577722 MHz
WDW EM
SSB 0
LB 1.00 Hz
I T T T T T T T 1 GB 0

T T T T T T , T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm PC 1.40
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A F NMR

:
%

12 BRUKER

-62.756

Current Data Parameters
NAME B12(0-4-TFMBn)12

EXPNO 42
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150927

Time 15.05
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG  zgflqn30

TD 262144
SOLVENT CDCI3

NS 64

DS 0

SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85

DW 3.333 usec

DE 6.50 usec

TE 299.0 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 376.4983660 MHz
NUCI 19F

Pl 14.50 usec

PLW1 17.00000000 W

F2 - Processing parameters

SI 262144

SF 376.4983660 MHz

WDW EM

SSB 0

LB 1.00 Hz
D T T T I T T T GB 0

T I T
150 100 50 0 -50 -100 -150 ppm  PC 1.00

143



5272

'H NMR

24.000
24.125

g -

23.771

C><)

(<O

Current Data Parameters
NAME B12(0-4-TFMBn)12

EXPNO 41
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150927

Time 15.01
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec

RG 189.85

DW 62.400 usec

DE 6.50 usec

TE 299.0K

DI 2.00000000 sec
TDO 1

=====—=== CHANNEL f| ========
SFO1 400.1324008 MHz
NUCI1 IH

Pl 15.00 usec

PLW1 13.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300184 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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4-TFMBn#1 RT: 0.01 AV: 1 NL: 6.16E4
T: FTMS - p ESIFull ms [800.00-2500.00]

Relative Abundance

100, 830.7084
%
8-
70-
60°
50-
o]
m?w 923.7688
20-
o]
X
800

Q Exactive

High-Res Mass Spec

1115.7850 2231.5637
1036.7682
1415.7188
,:r:F,.,.:r,r.,_,,:.;,,;:1,:,__,(,7.,:,::,,‘i ;,:,;,::,;f,,,,;,,,:,,::,:,: ,f,, ,,,P,,, S ——
1000 1200 1400 1600 1800 2000 2200 2400

m/z
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4-TFMBn#1 RT: 0.01 AV: 1 NL: 3.09E4
T: FTMS - p ESIFull ms [800.00-2500.00]

Relative Abundance

Q Exactive
High-Res Mass Spec

2231.5637
100 2230.5649
90
80 22325637
704 22295671
60|
50
40] 22335642
] 22285703
30
20 22345645
] 2227 57
o 5735
] 2235.5671
3 2226.5779 i
LG L L L L e Ly L s L L B s L L ma e L L e A s L e ) L LA A AL A AR LA L R A R A B AR R LA A R
2225 2226 2227 2228 2229 2230 2231 2232 2233 2234 2235 2236 2237

m/z
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Transmittance

100%

IR

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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Transmittance

100%

IR

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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IR

Transmittance

100%

95%

90%

85%

80%

75%

70%

65%

60%

——1- (Radical)
——0 (Neutral)

55%
1250

1200 1150 1100 1050
Wavenumber (cm-1)

1000
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EPR

4000

DOS Format

ANZ 1024

MIN -2733.186523
MAX 2772.813477
JSS 0

GST  3421.274884
GSI 114.543004

G-factor =2.007549 jux ¢

2000

Intensity
o

-2000

-4000
3400 3450 3500
Magnetic Field (Gauss)

JON  Bruker BioSpin GmbH
JDA  9/25/2015

JTM  13:33

JRE  c:\programfiles\bruker-
emx\syscal\st0103.cal

JEX  field-sweep

JSD 1

HCF 3478.546386

HSW 114.543004

EMF 0

RCT 20.48

RTC 20.48

RRG 8.93E+03

RMA 4

MF  9.773981

MP  6.38E-01

3550 MPD 25
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Intensity/ a.u.

%V]o
ch

Jo

o

B 1s XPS

%

%

194

192

190
Binding energy/ eV

188

186
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Current (A)

1.50E-05

1.00E-05

5.00E-06

0.00E+00

-5.00E-06

-1.00E-05

-1.50E-05

-2.00E-05

Cyclic voltammetry

-0.2 0 0.2 0.4

Potential (V vs Fc/Fc+)

0.6

0.8
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J‘_-._.w>+
@ A B {IH} NMR
NO
12 @ Ns <)

(<O

Current Data Parameters
NAME B12(0-4-NO2Bn)12

EXPNO 60
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151101

Time 19.40
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096

SOLVENT Acetone

NS 1024

DS 0

SWH 51020.406 Hz

FIDRES 10.011854 Hz

AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.0 K

D1 0.05000000 sec

Dil 0.03000000 sec

TDO 1

======== CHANNEL f] ========

SFO1 128.3776052 MHz

NUCI 11B

Pl 10.00 usec
k[{\\\)tl\.\\\\\l’l/ PLW1  52.00000000 W

======== CHANNEL {2 ========

SFO2 400.1324008 MHz

NUC2 1H

CPDPRG[2 waltz16

PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776161 MHz
WDW EM
SSB 0
LB 10.00 Hz

T B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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J 1- TBA+
A 13C NMR
(@lZON
12
12

<)
BRUKER
(>

[9e) 0 v N

o S % < o

Q A S,

— S~ O (=3

=)} <t < (2B

— R —_ -
Current Data Parameters
NAME BI12(0-4-NO2Bn)12
EXPNO 10
PROCNO 1
F2 - Acquisition Parameters
Date_ 20151103
Time 12.12.
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536
SOLVENT Acetone
NS 128
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C
Pl 9.63 usec
PLW1 23.00000000 W
======== CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072

i i SF 125.7577890 MHz
WDW EM
SSB 0
LB 1.00 Hz
T I N Bl B S B T I ™ B B I I T LA | T I Il GB o

200 190 180 170 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 ppm PC 1.40
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'H NMR

8.448
8.431

/
X

O -

o
<Q
=)
"
I
[

48.000

1
ppm

C><)

(<O

Current Data Parameters
NAME BI12(0-4-NO2Bn)I12

EXPNO 11
PROCNO 1

F2 - Acquisition Parameters
Date_ 20151103

Time 11.16
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zg30

TD 65536
SOLVENT Acetone

NS 32

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2767999 sec

RG 5241

DW 50.000 usec

DE 10.00 usec

TE 298.0 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f]| ========
SFO1 500.1330008 MHz
NUC1 1H

Pl 10.00 usec

PLW1 13.50000000 W

F2 - Processing parameters

SI 65536

SF 500.1300146 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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J 1- TBA+
A Q Exactive

/IAWVlzoN High-Res Mass Spec

Nitro #1 RT:0.01 AV:1 NL: 3.75E5
T. FTMS - p ESIFull ms [500.00-2500.00]

1004 19545363
957
907
857
803
757
705
657
607
555
503 1227 8065

453

40+

355

303

2132.6003

Relative Abundance

25
203
155

E

156

AOM
T T

OH,,,,,,,,,,,,,,,,,,,

T T
1200 1300 1400 1500 1600

T T T T T T T T T
1700 1800 1900 2000
m/z

I T T
2100 2200 2300



Nitro #1

T. FTMS - p ESIFull ms [500.00-2500.00]

Relative Abundance

1005
957
907
857
803
755
705
657
607
555
503
455
404
355
303
25
203

155

RT: 0.01 AV:1 NL: 3.75E5

] 1- TBA+

1953.5420

Q Exactive

High-Res Mass Spec

1954.5363

1955.5380

1956.5359

1957.5417

m/z

T
1959
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Transmittance

100%

98%

96%

94%

92%

90%

88%

86%

84%

82%

IR

4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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EPR

500

G-factor =2.008087
250

Intensity
o

-250

-500
3400 3450 3500 3550

Magnetic Field (Gauss)

DOS  Format

ANZ 1024

MIN  -445.813477
MAX 444.186523
JsS 0

GST  3421.28

GSI 11454

JUN G

JON  Bruker BioSpin GmbH
JDA  9/29/2015
JTM  16:26

JRE  c:\programfiles\bruker-
emx\syscal\st0103.cal
JEX  field-sweep
JSD 1

HCF 3478.55

HSW 114.54

EMF 0

RCT 20.48

RTC 163.84

RRG 8.93E+03
RMA 4

MF  9.776609

MP  6.38E-01
MPD 25
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Intensity/ a.u.

B 1s XPS

%

%

194

192

190
Binding energy/ eV

188

186
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B {'H} NMR

T

T

C><)

(<O

Current Data Parameters
NAME B12(0-3,5-bisTFMBn)12

EXPNO 210
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150824
Time 20.51
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.2K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 =======
SFO2 400.1324008 MHz
NUC2 1H
CPDPRGI[2 waltz16
PCPD2 90.00 usec
PLW2 13.00000000 W
PLWI12 0.36111000 W
F2 - Processing parameters
SI 32768

SF 128.3776050 MHz
WDW EM

SSB 0

LB 50.00 Hz

GB 0

PC 1.40
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—1- TBA*

CF3 B3C NMR

ﬂ

A2

= SRS ot oo N O — —

g SRR ERE RIS §$285E]

2 CEEERE SgEa s@assn
T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20

ppm

<)
BRUKER
(. ><)

Current Data Parameters
NAME BI12(0-3,5-bisTFMBn)12

EXPNO 300
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829

Time 21.11
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLWI1 23.00000000 W
======== CHANNEL {2 ========
SFO2 500.1330008 MHz
NuC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1.40
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CFs YF NMR

%

12 BRUKER

%

<
<
3]
o
O
T
Current Data Parameters
NAME B12(0-3,5-bisTFMBn)12
EXPNO 212
PROCNO 1
F2 - Acquisition Parameters
Date_ 20150824
Time 21.00
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgflqn30
TD 262144
SOLVENT CDCI3
NS 64
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 299.0 K
D1 2.00000000 sec
TDO 1
T T T T T T ) ======== CHANNEL f] ========
SFO1 376.4983660 MHz
-62.5 -63.0 -63.5 -64.0 -64.5 ppm NUCI 19F
Pl 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
SI 262144
J SF 376.4983660 MHz
WDW EM
SSB 0
LB 1.00 Hz
L L T T T T T T T ) GB 0
150 100 50 0 -50 -100 -150 ppm  PC 1.00
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A 'H NMR
/2
2 285 B53EEE
o~ o o o . . o B
% ANVARV S
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(<O

Current Data Parameters
NAME  B12(0-3,5-bisTFMBn)12

EXPNO 211
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150824

Time 20.54
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec

RG 189.85

DW 62.400 uscc

DE 6.50 usec

TE 299.0 K

DI 2.00000000 sec
TDO 1

======== CHANNEL f]| ========
SFO1 400.1324008 MHz
NUC1 1H

Pl 15.00 usec

PLW1 13.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300184 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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3-5-bis_2#1 RT: 0.01 AV:1 NL: 1.75E7
T: FTMS - p ESIFull ms [500.00-4000.00]

Relative Abundance

-
» n (2] ~ @ © o
T

w

?HH?HH$HH?\\H?HH?HH?H\\?HH?HH?H\

=

-

ol
o
o

Q Exactive
High-Res Mass Spec

1523.7080
z=2
567.5108
_z=1
769.3521 1415.7188

z=1 z=1

:;; Kbt b et ek A I

LI B R L B B L I B L L I L L L L L L R R L N R L R R LN R LR RN

1000 1500 2000 2500 3000 3500

m/z

4000
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+
. 1-TBA
CF3

12

3-5-bis_2#1 RT: 0.01 AV:1 NL: 1.75E7
T: FTMS - p ESIFull ms [500.00-4000.00]

Q Exactive
High-Res Mass Spec

1523.7080
z=2
8?” 1523.2089
| z=2
90
3] 1524.2078
807 z=2
70
o 3
S 7 1522.7107
8 607 z=2
T
2 1
< 50 1524.7084
[0) -
2 1 z=2
g 40
x 1522.2123
30 72
. 1525.2095
20+ z=2
3 1521.7139
4 z=? 1525.7108
107 1521.2153 z=2 1526.2129
7 z=? > -5
o] A A z
| r 11+, o1 1. r o1+~ r.r.. 1~ 1. r~r 1.1 111 111 [ 1 1 1t 1. 1T 1t 1 [ T T T T [ T T T 1]
1520.5 1521.0 1521.5 1522.0 15225 1523.0 15235 1524.0 1524.5 1525.0 1525.5 1526.0 1526.5

m/z
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Transmittance

100%

—1- TBA*

IR

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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EPR

10000 - G-factor = 2.007867
5000 -

>

o

) 0 -

=

-5000 -

l\_°°°° T T 1

3400 3450 3500 3550

Magnetic Field (Gauss)

DOS  Format

ANZ 1024

MIN -8134.161133
MAX 8283.838867
JsS 0

GST 3415.875

GSI 12747

JUN G

JON  Bruker BioSpin GmbH
JDA  6/4/2015

JTM  16:02

JRE  c:\programfiles\bruker-
emx\syscal\st0103.cal
JEX  field-sweep
JSD 1

HCF 3479.61

HSW 127.47

EMF 0

RCT 20.48

RTC 20.48

RRG 2.83E+03
RMA 4

MF  9.778519

MP  6.38E-01
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N

Intensity/ a.u.

‘= .\,‘

—1- TBA*

o_wv
—H
*/12

B 1s XPS

%

%

194

192

190
Binding energy/ eV

188

186
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CFy Cyclic voltammetry

1.50x10* =

J(A/cm)?
(=}
(=}
o
1

-1.50x10* =

) ' T ' )
-0.5 0.0 0.5
Potential (V vs. Fc/Fc+)

1.0
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)
Q
0
~
=
Q

_—146.498

130.946
130.716
126.705
125.673
124.542
122.376
120.212

/
\

119.704

BC NMR

—67.636

—59.003

—30.801
—23.683
—19.526
—13.174

200

180

I
160

T
140

I
120

T
100

80

60

40

20

ppm

<)
BRUKER
(. ><)

Current Data Parameters
NAME BI12(0-3,5-bisTFMBn)12

EXPNO 700
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150829

Time 22.21
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDC13

NS 256

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec

RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
========CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C

Pl 9.63 usec

PLW1 23.00000000 W
======== CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072

SF 125.7577890 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1.40
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2 2TBA*

CF;

12

-63.360

YF NMR

T
-62.5

T
-63.0

T
-63.5

T
-64.0

T
-64.5

ppm

T
150

100

50

T
-100

T
-150

pPpm

%

%

Current Data Parameters
NAME B12(0-3,5-bisTFMBn)12

EXPNO 121
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150824

Time 17.26
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgflqn30

TD 262144
SOLVENT CDCI3

NS )

DS 0

SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85

DW 3.333 usec

DE 6.50 usec

TE 299.0 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 376.4983660 MHz
NUCI 19F

Pl 14.50 usec

PLW1 17.00000000 W

F2 - Processing parameters

SI 262144

SF 376.4983660 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1.00
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—7.702

2-2TBA"

'H NMR

C><)

(<O

© AFTO—=NWV~ N —~
L YRRIFLR=DR
S vldntETITNnodnR
o —_— e — O O

T17.561
5.528
3.098
3.077

\'

Current Data Parameters
NAME  B12(0-3,5-bisTFMBn)12

EXPNO 122
PROCNO 1
F2 - Acquisition Parameters
Date_ 20150824
Time 17.32
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30
TD 52882
SOLVENT CDCI3
NS 64
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85
DW 62.400 usec
DE 6.50 usec
TE 299.0K
Dl 2.00000000 sec
TDO 1
=====—=== CHANNEL f| ========
SFO1 400.1324008 MHz
NUCI1 1H
Pl 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1300184 MHz

C WDW EM

- SSB 0

23.683

LB 030Hz
GB 0
| PC 1.00

~
=)
w
s
w -
(]
- ]

ppm

11.710
24.000
9.673
6.723
10.143

10.312
14.839
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B {'H} NMR

-15.687

T

T

C><)

(<O

Current Data Parameters
NAME B12(0-3,5-bisTFMBn)12

EXPNO 120
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150824
Time 17.23
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.2K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 =======
SFO2 400.1324008 MHz
NUC2 1H
CPDPRGI[2 waltz16
PCPD2 90.00 usec
PLW2 13.00000000 W
PLWI12 0.36111000 W
F2 - Processing parameters
SI 32768

SF 128.3776050 MHz
WDW EM

SSB 0

LB 50.00 Hz

GB 0

PC 1.40
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100%

IR

90%

80%

70%

60%

50%

Transmittance

40%

30%

20%

10%

0%
4000

3500

3000

2500 2000
Wavenumber (cm-1)

1500

1000

500
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Intensity/ a.u.

B 1s XPS

%

%

194

192

190
Binding energy/ eV

188

186
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o) J 0
B {'H} NMR
O EReo
11 (<)

(<O

—39.064
—35.228

Current Data Parameters
NAME B12(0-Bn)(O-Et)11

EXPNO 30
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150517

Time 15.01
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec

RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.00000400 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL f] ========
SFO1 128.3776052 MHz
NUC1 11B

Pl 10.00 usec
PLW1 52.00000000 W
========CHANNEL {2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLWI12 0.36111000 W

F2 - Processing parameters

SI 32768
SF 128.3776050 MHz
WDW EM
SSB 0
LB 50.00 Hz

T B A m A I I A I I i T T i GB 0

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm ©PC 1.40
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o@ VJ ’ 3C NMR
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Current Data Parameters
NAME BI12(0-Bn)(O-Et)11
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date_ 20150517
Time 16.29
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536

I T

] SOLVENT CDC13

1280 1275 127.0 ppm o8 =
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 13.13
DW 16.000 usec
DE 18.00 usec
TE 298.0K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL (] ========
SFO1 125.7722511 MHz
NUC1 13C
Pl 9.63 usec
PLW1 23.00000000 W
========CHANNEL {2 ========
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLWI2 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

SI 131072

SF 125.7577892 MHz

WDW EM

SSB 0

LB 1.00 Hz
|ERR | T |ERRARN| T e T I T T [T T o Il GB o

190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm PC 1.40
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Current Data Parameters
NAME Jan14-2016
EXPNO 100
PROCNO 1
F2 - Acquisition Parameters
Date_ 20160114
Time 14.59
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30
TD 52882
SOLVENT C6D6
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
——— RG 155.85
DW 62.400 usec
5.6 ppm DE 650 usec
TE 299.0K
DI 2.00000000 sec
TDO 1
=====—=== CHANNEL f| ========
SFO1 400.1324008 MHz
NUCI1 1H
Pl 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1299967 MHz
ﬁ WDW EM
X * I\ A SSB 0
LB 0.30 Hz
GB 0
T T T T T T T T T 1 PC 1.00
9 8 7 6 5 4 3 2 1 ppm
R E= = 0 )
A DD (=3 0 —
I=1R=NES\ S ) 2
A [ — N ~— o
N o
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1.213

5.088
5.055
4.143
4.135
4.125
4.117

'H NMR

4.108
4.100
4.090

4.082

4.073

4.052

%

1.251
1.241
1.234
1.224
1.215
1.207
1.197
1.180

S

4.145
0.992

wn -

2.000

g

21.936

33.066

ppm

C><)

(<O

Current Data Parameters

NAME Jan13-2016
EXPNO 142
PROCNO 1

F2 - Acquisition Parameters
Date_ 20160113

Time 20.50
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG 2g30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec

RG 155.85

DW 62.400 usec

DE 6.50 usec

TE 299.0K

DI 2.00000000 sec
TDO 1

======== CHANNEL {1 ========
SFO1 400.1324008 MHz
NUC1 1H

P1 15.00 usec
PLW1 13.00000000 W

F2 - Processing parameters
SI 65536

SF 400.1300184 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

| PC 1.00
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(o) .
~~ High-Res Mass Spec
11
AW-Bn1Et11#3-52 RT:0.03-0.52 AV: 50 NL: 2.50E5
T: FTMS + p NSI Full ms [70.00-1050.00]
100 732.5464
95
%0-
85
a0
757
10
=
8 60
c -
© E
© 557
.w |
< 504
¢ 7
5 45
Q |
¥ 404
3 7945622
35 7045145
a0
257 3327278
209 642.4990
E 367.2179
153
10-
¢ | _f
H,;:f e A * | L ; m ,‘; 4 m L=, ;, ,____ ,EE ;:F
o,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T T ] L L L
350 400 450 500 550 600 650 700 750 800



DART
o High-Res Mass Spec

AW-Bn1Et11 #3-52 RT: 0.03-0.52 AV: 50 NL: 2.50E5
T: FTMS + p NSI Full ms [70.00-1050.00]
732.5464

-
© © o
g

733.5436

o
a

731.5499

a o o N N

730.5530

Relative Abundance
(o))

N N W W A

729.5567

=

728.5609

I

734.5428

735.5478

736.5510 737.5030  738.4998
A

c>HH({IHH?HH({IHH?\Hﬁn\H\?\Hﬁh\\H?\HﬁHﬁHH.'\H\CP\H\CPH\?H\\H"\H\?HH‘H\?H\H’H\

BARLARRL AR AR AN ISR A AR BAANRAR MR I A AAN A A
728 729 731 732 733

m/z

T
734

T
735

A
LSRR R R R RN AR AR R A A B

T T
736 737 738
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Transmittance
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EPR

100
G-factor=2.007910

Intensity
(9)]
o o

5
S

-100
3300 3400 3500 3600
Magnetic Field (Gauss)

DOS  Format

ANZ 1024

MIN  -51.404297
MAX 58.595703

JsS 0

GST  3328.55

GSI 300

JUN G

JON  Bruker BioSpin GmbH
JDA  11/2/2015
JTM  20:39

JRE  c:\programfiles\bruker-
emx\syscal\st0103.cal
JEX  field-sweep
JSD 1

HCF 3478.55

HSW 300

EMF 0

RCT 20.48

RTC 327.68

RRG 8.93E+03
RMA 4

MF  9.77575

MP  2.54E+00
MPD 19
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0.00025

0.0002

0.00015

0.0001

0.00005

0

Current (A)

-0.00005

-0.0001

-0.00015

-0.0002

Cyclic voltammetry

-1

-0.8 -0.6 -0.4 -0.2 0

Potential (V vs Fc/Fc+)

0.

2

0.

4

0.6
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Supplemental spectra & data for Chapter 3
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11B NMR Spectra of [2a]

C><)

n o ©
D o <
o O N~
3 5 5 3 BRUKER
T T (<O
Current Data Parameters
NO NAME Jan09-2018
2 EXPNO 21
|_ 0 PROCNO 1
F F F2 - Acquisition Parameters
Io) Date_ 20180109
Time 10.09
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg
[2a] FF /i D 5096
SOLVENT CcD2Cl2
NS 1024
DS 0
SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85
DW 9.800 usec
DE 6.50 usec
TE 297.9 K
D1 0.05000000 sec
TDO 1
======== CHANNEL fi ========
SFO1 128.3776052 MHz
NUC1 11B
P1 10.00 usec
PLWA1 52.00000000 W
F2 - Processing parameters
Sl 32768
SF 128.3776547 MHz
WDW EM
SSB 0
LB 10.00 Hz
GB 0
PC 1.40
T T T T T T T T T T
50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm
< o ~
= Q @
o - o
2
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19F NMR Spectra of [2a]
“TTADTITIOLOANNANTIODNDO~OOANONNOOILOONONM— ANNON —©© g
TODDONAND-OOULTNANO—OANATONLOONTONDIDTOO—FTOOMDO O
OO ITINOVOIROUOUNNOIOONMNMMOMIOVINOOOONNODNNO QN T
TTTOLOLODLOLANANNNDNDNODDTAANNNANANNANANANANNANNNNMNMONDOM®
TITTTTITITOOLOLOOOOODOOLOL) LO © © O © © O WO O OO OO WOCWOOOOOOO umc:mz
C T T S T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e e T g
Current Data Parameters
NAME Jan09-2018
EXPNO 22
|_ 0 PROCNO 1
F F F2 - Acquisition Parameters
o Date_ 20180109
) Time 10.12
F INSTRUM av400
PROBHD 5 mm PABBO BB/
F F PULPROG zgflgn30
1 TD 262144
SOLVENT CD2Cl2
NS 32
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 297.9K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 376.4983660 MHz
NUC1 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
Sl 262144
SF 376.4984698 MHz
WDW EM
SSB 0
Lﬁ\ Lr LB 1.00 Hz
~ GB 0
PC 1.00
T T T T T T T
150 100 50 0 -50 -100 -150 ppm
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TH NMR Spectra of [2a]

8na& BRUKER

N\ (<O
Current Data Parameters
NAME Jan09-2018

NO, EXPNO 20
|_ 0 PROCNO 1
F2 - Acquisition Parameters
o Date_ 20180109
Time 10.06
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30
[2a] 11 D 52882
SOLVENT CD2Cl2
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 189.85
DW 62.400 usec
DE 6.50 usec
TE 297.8 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H
P1 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1300154 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
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NO,

[2a]

-m

-n

TH NMR Spectra of [2a]

_-5.359
~~5.297
——~5.040

C><)

(<D

Current Data Parameters
NAME Jul02-2017

EXPNO 51
PROCNO 1

F2 - Acquisition Parameters
Date_ 20170702

Time 19.00
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85

DW 62.400 usec

DE 6.50 usec

TE 298.3 K

D1 2.00000000 sec
TDO 1

======== CHANNEL fi ========
SFO1 400.1324008 MHz
NUC1 1H

P1 15.00 usec

PLWH1 13.00000000 W

F2 - Processing parameters

S 65536

SF 400.1300180 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00

20.00
2.01
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180329 B12NO2PFB11 0 #1-50 RT: 0.01-0.43 AV: 50 NL: 2.22E6
T: FTMS - p ESIFull ms [500.0000-3000.0000]

Relative Abundance

-
@© © © o
o O, o O <‘D

~
o

A

u

1172.0740

]

z=2

Relative Abundance
OHH?H\\?HH?‘HH?HHTHH?\H\‘THH?HHT\H%HH‘{‘HH%H\?HH%‘HH;\H\%HH%HH%\H#HH%

o

S NN W oW B s

HRMS of [2a]

1171.0763
z=2

1170.5777
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| E[
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Transmittance [%]
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11B NMR Spectra of [2b]

C><)

(<D

Current Data Parameters
NAME Jan16-2018

EXPNO 172
PROCNO 1
F F2 - Acquisition Parameters
Date_ 20180117
Time 0.15
F INSTRUM av400
PROBHD 5 mm PABBO BB/
F PULPROG zg
11 TD 5096
SOLVENT CD3CN
NS 1024
DS 0
SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85
DW 9.800 usec
DE 6.50 usec
TE 298.2 K
D1 0.05000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 128.3776052 MHz
NUC1 11B
P1 10.00 usec
PLWA1 52.00000000 W
F2 - Processing parameters
Sl 32768
SF 128.3775340 MHz
WDW EM
SSB 0
i ] 10.00 Hz
GB 0
PC 1.40

_ _ _ _
50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm
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19F NMR Spectra of [2b]

738

/Z\ Current Data Parameters
NAME Jan16-2018

157.723
-157.824
-157.881
-157.933
-164.163
-164.286

-140.134
-164

EXPNO 171
PROCNO 1

F F2 - Acquisition Parameters
Date_ 20180117
Time 0.12

F INSTRUM av400

PROBHD 5 mm PABBO BB/

F PULPROG zgflgn30

11 D 262144

SOLVENT CD3CN
NS 32
DS 0

SWH 150000.000 Hz
FIDRES 0.572205 Hz

AQ 0.8738133 sec
RG 189.85

DW 3.333 usec

DE 6.50 usec

TE 298.2 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f1 ========
SFO1 376.4983660 MHz
NUC1 19F

P1 14.50 usec

PLWH1 17.00000000 W

F2 - Processing parameters
S| 262144
SF 376.4981063 MHz

WDW EM
SSB 0
LB 1.00 Hz

GB 0
PC 1.00

_ _ _ _ _
150 100 50 0 -50 -100 -150 ppm
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TH NMR Spectra of [2b]

OMNOOL OO <t
22838558382 BRUKER
N~ 7 r++—+—+ 0O

Current Data Parameters
NAME Jan16-2018

EXPNO 170
PROCNO 1
F F2 - Acquisition Parameters
Date_ 20180117
Time 0.09
F INSTRUM av400
PROBHD 5 mm PABBO BB/
F PULPROG zg30
11 TD 52882
SOLVENT CD3CN
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 189.85
DW 62.400 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUC1 1H
P1 15.00 usec
PLWA1 13.00000000 W
F2 - Processing parameters
Sl 65536
SF 400.1300113 MHz
WDW EM
SSB 0
C LB 0.30 Hz
L1 e Om 0
PC 1.00
f T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 ppm

8.00
8.42
9.12
12.43
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180329 B12NO2PFB11 1- #1-50 RT: 0.01-0.43 AV: 50 NL: 1.75E7
T: FTMS

Relative Abundance

100+

- p ESIFull ms [500.0000-3000.0000]
1172.0732
z=2

Relative Abundance

2 9,.2.,%.2.%.9.%.2.8.9.$.8.%8.9.3.8.5.2.9.8

o

= NN W oW s

HRMS of [2b]
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|
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aEE ,
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Transmittance [%]

IR Spectra of [2b]
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11B NMR Spectra of [2¢]

C><)

(<D

Current Data Parameters
NAME Jan12-2018

EXPNO 71
PROCNO 1

F2 - Acquisition Parameters
Date_ 20180112

Time 14.26
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg

TD 5096
SOLVENT CD3CN

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 298.2 K

D1 0.05000000 sec
TDO 1

======== CHANNEL fi ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec

PLWH1 52.00000000 W

F2 - Processing parameters

S 32768

SF 128.3776161 MHz
WDW EM

SSB 0

LB 10.00 Hz

GB 0

PC 1.40

NO,
—]2- 2Na+
F F
o
—u
[2c] FF /1
I I I I I I I I I I I
50 40 30 20 10 0 .10 -20 -30 -40 -50 ppm

0.90
0.95

Al

10.15
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19F NMR Spectra of [2¢]

C><)

2 BRUKER
il (O

Current Data Parameters
NAME Jan12-2018

-144.675
-144.728
-145.003
-145.052
-158.332
-158.385
-158.438
-158.688
-158.775
-158.827

158.880
-165.108

EXPNO 72
PROCNO 1
F F2 - Acquisition Parameters
Date_ 20180112
Time 14.31
F INSTRUM av400
PROBHD 5 mm PABBO BB/
F PULPROG zgflgn30
1 TD 262144
SOLVENT CD3CN
NS 32
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 298.2 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 376.4983660 MHz
NUC1 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
Sl 262144
SF 376.4981932 MHz
WDW EM
SSB 0
L[L!l W_ww 0 1.00 Hz
PC 1.00
T T T T T T T
150 100 50 0 -50 -100 -150 ppm

22.09
11.00
22.04
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TH NMR Spectra of [2¢]

IGS BRUKER

NP (<O
Current Data Parameters
NAME Jan12-2018

EXPNO 70
PROCNO 1
F F2 - Acquisition Parameters
Date_ 20180112
Time 14.23
F INSTRUM av400
PROBHD 5 mm PABBO BB/
F PULPROG zg30
11 TD 52882
SOLVENT CD3CN
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 94.6
DW 62.400 usec
DE 6.50 usec
TE 298.1 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUC1 1H
P1 15.00 usec
PLWA1 13.00000000 W
F2 - Processing parameters
Sl 65536
SF 400.1300114 MHz
WDW EM
SSB 0
LB 0.30 Hz
e GB 0
PC 1.00
f T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 ppm

22.00
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""B-"'B COSY NMR Spectra of [2c]
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180329 B12NO2PFB11 2-#1 RT: 0.01 AV: 1 NL: 6.29E6
T: FTMS - p ESIFull ms [500.0000-3000.0000]

HRMS of [2¢]

1171.5751 11715751
7=2 1005 =2
?
95 m?w
. 857
90° E
- No, o
857 |_ 2- 2Na+ umm :ﬁu.w;w 1172.5734
] F F "3 T
mﬁ o mmm
75 F 3
fo
705 [2c] FoF /i 2 5
mmm £ 457
] ¢ 3
] e 11705778
. 3 =2 1173.0739
g 604 5 i =2
§ oo %
T 55 257
3 .7 3
< 507 N?m 1170.0791
o : 5 z=2 11735745
m bmw \_Hm z=2
3 = E 1169.5803
12 - 57 =7
407 g
1 ow::,,,:,,:,,,::::__,:::i,i,,,,,::_),,,,,,,,,,,,,,,,,,:,,,,,_:}
357 1165 1166 1167 1168 1169 1170 1171 :E\ 1173 1174 1175 1176 1177 1178 1179
304
257
20
154
\_ﬁm / 23441475
7 - z=1
5+ ;
0 ﬂ:,,}\‘,, J,s,},;&;,,,,,,,,,,,,,,,,,,,,,,_,,,,,,,,,,,,,,
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

m/z
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IR Spectra of [2c]
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11B NMR Spectra of [2¢]-ME

o 5 C><)
Current Data Parameters
NAME Feb28-2018
EXPNO 80
PROCNO 1
E F F2 - Acquisition Parameters
OH Date_ 20180228
Time 11.43
s INSTRUM av400
PROBHD 5 mm PABBO BB/
F F PULPROG z9
[2¢]-ME " D 5096
SOLVENT MeOD
NS 1024
DS 0
SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85
DW 9.800 usec
DE 6.50 usec
TE 297.3K
D1 0.05000000 sec
TDO 1
======== CHANNEL fi ========
SFO1 128.3776052 MHz
NUC1 11B
P1 10.00 usec
PLW1 52.00000000 W
F2 - Processing parameters
Sl 32768
SF 128.3775591 MHz
WDW EM
SSB 0
LB 10.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T
50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm

1.01
11.00
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19F NMR Spectra of [2¢]-ME

NOODOWLWAN®O
~INOSY—SNOO
WOOAANWI O D
COOOOSTIITI
883863I3I3IYY BRUKER
T YT

(<D

Current Data Parameters
NAME Feb28-2018

J
!

EXPNO 81
PROCNO 1
E F F2 - Acquisition Parameters
OH Date_ 20180228
Time 11.48
s INSTRUM av400
PROBHD 5 mm PABBO BB/
F F PULPROG zgflgn30
[2c]-ME " D 262144
SOLVENT MeOD
NS 64
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 297.3K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 376.4983660 MHz
NUC1 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
Sl 262144
SF 376.4981771 MHz
WDW EM
SSB 0
| e LB 1.00 Hz
GB 0
PC 1.00
T T T T T T T
150 100 50 0 -50 -100 -150 ppm
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TH NMR Spectra of [2¢]-ME

C><)

. . . umau\czzmz
/ _\ _%\\ /&. Current Data Parameters
NAME Feb28-2018

3.654
3.649
3.638
3.633
3.622
3.617
3.024
3.019
3.008
3.003
2.986

EXPNO 82
PROCNO 1
E F F2 - Acquisition Parameters
OH Date_ 20180228
Time 11.51
SN INSTRUM av400
PROBHD 5 mm PABBO BB/
F F PULPROG 2930
[2c]-ME 1 TD 52882
SOLVENT MeOD
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85
DW 62.400 usec
DE 6.50 usec
TE 297.3K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H
P1 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1300078 MHz
WDW EM
SSB 0
ﬁa | _%w 0.30 Hz
M 0
PC 1.00
f T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 ppm

22.00
22,73
4.90

17.15
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EQ_022618 B12NO2(PFB)11 2ME #1 RT: 0.01 AV: 1 NL: 4.55E6

T: FTMS - p ESIFull ms [500.0000-4000.0000]

Relative Abundance
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Supplemental spectra & data for Chapter 4
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—2-2TBA’ UB{'H} NMR of [1]*

<)
BRUKER
(<)

12

Current Data Parameters
NAME Jul06-2018

EXPNO 40
PROCNO 1

F2 - Acquisition Parameters
Date_ 20180706

Time 12.42
INSTRUM av400

PROBHD 5 mm PABBO BB/
PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.2 K

D1 0.05000000 sec
D11 0.03000000 sec
TDO 1

======== °I>zzm_l .qd ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec
PLW1 52.00000000 W
======== o:>zzm_l *M ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLW12 0.36111000 W

F2 - Processing parameters

S]] 32768

SF 128.3776483 MHz
WDwW EM

SSB 0

LB 10.00 Hz

GB 0

PC 1.40

50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm
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—2- 2TBA* "H NMR of [1]*

<)
BRUKER
(<)

“
312

Current Data Parameters
NAME Jul06-2018

EXPNO 41
PROCNO 1

F2 - Acquisition Parameters
Date_ 20180706

Time 12.46
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 32

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85

DW 62.400 usec

DE 6.50 usec

TE 298.7 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H

P1 15.00 usec

PLW1 13.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300175 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00
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—2- 2TBA* BF NMR of [1]*

CF;
o
ﬂ
3
12
Current Data Parameters
NAME Jul06-2018
EXPNO 42
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180706
Time 12.51
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgflgn30
TD 262144
SOLVENT CDCI3
NS 64
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 298.7 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f1 ========
SFO1 376.4983660 MHz
NUC1 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
S 262144
SF 376.4984557 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.00
A [ L
150 100 50 0 -50 -100 -150 ppm
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312

180713 3,5-bisCF3 2-#1 RT: 0.01 AV: 1 NL: 2.37E8
T: FTMS - p ESIFull ms [1000.0000-4000.0000]
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—11-TBA® B {'H} NMR of [1]"

CF;
o
F
3
12

Current Data Parameters
NAME Jul06-2018
EXPNO 50
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180706
Time 12.57
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgdc.js
TD 5096
SOLVENT CDCI3
NS 1024
DS 0
SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85
DW 9.800 usec
DE 6.50 usec
TE 299.3 K
D1 0.05000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL 1 ========
SFO1 128.3776052 MHz
NUC1 11B
P1 10.00 usec
PLW1 52.00000000 W
======== CHANNEL 2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

- PLW2 13.00000000 W
PLW12 0.36111000 W
F2 - Processing parameters
SI 32768
SF 128.3776438 MHz
WDW EM
SSB 0
LB 10.00 Hz

50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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—11-TBA® '"H NMR of [1]"

CF;
o
F
3
12
Current Data Parameters
NAME Jul06-2018
EXPNO 51
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180706
Time 13.00
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30
TD 52882
SOLVENT CDCI3
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 189.85
DW 62.400 usec
DE 6.50 usec
TE 298.8 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H
P1 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
SI 65536
SF 400.1300175 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
9 8 7 6 5 4 2 1 ppm
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—1- TBA' YF NMR of [1]"

CF;
o
F
[1] 3/12
Current Data Parameters
NAME Jul06-2018
EXPNO 52
PROCNO 1
F2 - Acquisition Parameters
Date_ 20180706
Time 13.05
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgflqn30
TD 262144
SOLVENT CDCI3
NS 64
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 298.7 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f1 ========
SFO1 376.4983660 MHz
NUCH 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
SI 262144
SF 376.4984454 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.00
»|
A [ L
150 100 50 0 -50 -100 -150 ppm
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180713 3,5-bisCF3 1- #1 RT: 0.01 AV: 1 NL: 6.70E6
T: FTMS - p ESI Full ms [1000.0000-4000.0000]
1003

1523.7059
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Relative Abundance

Mass Spectrum of [1]"

3047.3936

l

- Ll %‘? m
T ottt T i

1000 1200 1400 1600 1800

(=]

2000

2200

2400

m/z

2600

2800

3000

3200

3400

3600

3800

4000

218



B {'H} NMR of [2]°

<)
BRUKER
(<)

Current Data Parameters
NAME Jul05-2018

EXPNO 30
PROCNO 1

F2 - Acquisition Parameters
Date_ 20180705
Time 16.51
INSTRUM av400

PROBHD 5 mm PABBO BB/

PULPROG zgdc.js

TD 5096
SOLVENT CDCI3

NS 1024

DS 0

SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85

DW 9.800 usec

DE 6.50 usec

TE 299.1 K

D1 0.05000000 sec
D11 0.03000000 sec
TDO 1

======== CHANNEL 1 ========
SFO1 128.3776052 MHz
NUC1 11B

P1 10.00 usec
PLW1 52.00000000 W
======== CHANNEL 2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec

PLW2 13.00000000 W
PLW12 0.36111000 W

F2 - Processing parameters

SI 32768

SF 128.3776389 MHz
WDW EM

SSB 0

LB 10.00 Hz

50 40 30 20 10 0 -10 -20 -30 -40 -50 ppm PC 1.40
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'H NMR of [2]°

<)
BRUKER
(<)

Current Data Parameters
NAME Jul05-2018

EXPNO 31
PROCNO 1

F2 - Acquisition Parameters
Date_ 20180705

Time 16.52
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30

TD 52882
SOLVENT CDCI3

NS 8

DS 0

SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85

DW 62.400 usec

DE 6.50 usec

TE 298.7 K

D1 2.00000000 sec
TDO 1

======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H

P1 15.00 usec

PLW1 13.00000000 W

F2 - Processing parameters

SI 65536

SF 400.1300191 MHz
WDW EM

SSB 0

LB 0.30 Hz

GB 0

PC 1.00

-
T T T T T T T T T ;
9 8 7 6 5 4 3 2 1 ppm
] el <
[5¢] < |© <
N N[ o
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180713 3-MEO#1 RT: 0.01 AV:1 NL: 1.46E7
T: FTMS - p ESI Full ms [450.0000-2000.0000]

Mass Spectrum of [2]°
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—2:1-18A* "B {'H} NMR of [1]*""

CF, .
o post-flow cell cycling o)
—u
3
12

Current Data Parameters
NAME Aug31-2018
EXPNO 71
PROCNO 1
F2 - Acquisition Parameters
Date 20180831
Time 17.02
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgdc.js
TD 5096
SOLVENT CDCI3
NS 1024
DS 0
SWH 51020.406 Hz
FIDRES 10.011854 Hz
AQ 0.0499408 sec
RG 189.85
DW 9.800 usec
DE 6.50 usec
TE 299.2 K
D1 0.05000000 sec
D11 0.03000000 sec
TDO 1
======== CHANNEL {1 ========
SFO1 128.3776052 MHz
NUCH1 11B
P1 10.00 usec
PLW1 52.00000000 W
======== CHANNEL 2 ========
SFO2 400.1324008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 90.00 usec
PLW2 13.00000000 W
PLW12 0.36111000 W
F2 - Processing parameters
Sl 32768
SF 128.3776161 MHz
WDW EM
SSB 0
LB 10.00 Hz
GB 0

50 40 30 20 10 0 -0 20 -30 40  -50 ppm Pe 140
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—]2-1-TBA* 'H NMR of [1]*/"

CF, post-flow cell cycling
o
—u
3
12
Current Data Parameters
NAME Aug31-2018
EXPNO 73
PROCNO 1
F2 - Acquisition Parameters
Date 20180831
Time 17.10
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zg30
TD 52882
SOLVENT CDCI3
NS 32
DS 0
SWH 8012.820 Hz
FIDRES 0.151523 Hz
AQ 3.2998369 sec
RG 155.85
DW 62.400 usec
DE 6.50 usec
TE 298.6 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 400.1324008 MHz
NUCH 1H
P1 15.00 usec
PLW1 13.00000000 W
F2 - Processing parameters
Sl 65536
SF 400.1300184 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
A | U
9 8 7 6 5 4 3 2 1 ppm
Jﬁj < Jnﬂ ~l@| [w
~ ® 2 22 &
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—]2-1-TBA* F NMR of [1]*"

O—uw :
o post-flow cell cycling o)
—u
3
12
Current Data Parameters
NAME Aug31-2018
EXPNO 72
PROCNO 1
F2 - Acquisition Parameters
Date 20180831
Time 17.06
INSTRUM av400
PROBHD 5 mm PABBO BB/
PULPROG zgflqn30
TD 262144
SOLVENT CDCI3
NS 64
DS 0
SWH 150000.000 Hz
FIDRES 0.572205 Hz
AQ 0.8738133 sec
RG 189.85
DW 3.333 usec
DE 6.50 usec
TE 298.6 K
D1 2.00000000 sec
TDO 1
======== CHANNEL f{ ========
SFO1 376.4983660 MHz
NUCH 19F
P1 14.50 usec
PLW1 17.00000000 W
F2 - Processing parameters
Sl 262144
SF 376.4983660 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.00
R N L L L L L
150 100 50 0 -50 -100 -150 ppm
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