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ABSTRACT OF THE THESIS

Synthesis and Reactivity of Boron-Functionalized Carborane-Based Chalcogenides

by

Fadi Alsarhan

Master of Science in Chemistry
University of California, Los Angeles, 2021

Professor Alexander Michael Spokoyny, Chair

Organochalcogen chemistry is a well-established field: organosulfur compounds find a wide
variety of uses in synthetic chemistry; organoselenium and organotellurium compounds, despite
being less prevalent than organosulfur compounds, have established niche uses in synthetic
chemistry and are attracting a lot of research interest. Carboranes are three-dimensional boron-
rich clusters with delocalized bonding analogous to the aromaticity of benzene and a steric
profile similar to adamantane. These unique properties, along with their electronic tunability
based on the chosen vertex of functionalization, give carboranes a variety of applications in
fields such as medicinal chemistry and materials science. Ortho- and meta-Carborane clusters
functionalized with chalcogen atoms at the electron rich B(9) position are relatively unexplored,;
there has been reports in the 1970°s-1980’s of the synthesis and basic reactivity of these clusters,

as well as reports of some applications (Self-Assembled Monolayers, Boron Neutron Capture



Therapy) for the sulfur-functionalized clusters, but that is all. In this thesis, the field of B(9)-
functionalized carborane chalcogenides has been expanded in two ways: 1) new B(9)-S
functionalized reagents have been synthesized and tested for their propensity to undergo B-S
bond cleavage, a completely unexplored field in carboranes, and 2) the synthesis and reactivity

of a variety of new B(9)-Se and B(9)-Te compounds has been discussed.
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Chapter 1: Synthesis and Reactivity of Sulfur-Functionalized Carborane

Reagents at the B(9) Position

1.1. Introduction

Organosulfur compounds play a prominent role in synthetic organic chemistry, as
highlighted by their wide range of synthetic transformations and their omnipresence in the
agrochemical and pharmaceutical industries!. One notable mode of reactivity of organosulfur
compounds is C-S cleavage chemistry, which allows for the construction of new C-C bonds from
common sulfur-based functional groups. While the traditional method for C-S bond cleavage
involves transition metal catalysis’, there has been significant recent interest in achieving C-S
bond modification through alternative methods such as photoredox catalysis or the utilization of
chemical oxidants!®*. One notable recent example is the development and utilization of zinc

sulfinate reagents by the Baran group to functionalize heterocycles'?4,

Icosahedral carboranes (C2B1o0H12) are boron-rich three-dimensional clusters that exist as
ortho-, meta-, and para- isomers based on the relative position of the two carbon vertices on the
cage (Figure 1-1). They exhibit three-dimensional electron delocalization analogous to
aromaticity in benzene®®, while possessing a steric profile similar to that of adamantane?®.
Additionally, they offer electronic tunability based on the chosen vertex for functionalization: the
carbon vertices are typically electron deficient while the boron vertices farthest away from
carbon are typically electron rich®®. As a result of their unique properties, carborane clusters find

applications in a wide variety of fields ranging from materials to medicinal chemistry’:8,



1 ~ - ~ - O B
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A/ \ o ¢c
\\J// ortho-carborane  meta-carborane  para-carborane |@ CH
1,2-C,B1oH12 1,7-C3B1oH12 1,12-C3B4oH12

Figure 1-1. Numbering, naming, and labeling conventions for the different icosahedral carborane isomers

Carboranes with a B-S bond at the electron-rich B(9) vertex were first reported in the late
1970s.1%-22 Since then, these compounds have found uses in a variety of areas such as self-
assembled monolayers (SAMs), Boron-Neutron Capture Therapy (BNCT), and as ligands for
metal surfaces and transition metal ions?328, Thus far, much of the research in the field has been
focused on the process of B-S bond formation as well as applications of carboranes containing
the B-S moiety; several common sulfur-based functional groups—such as thioethers, sulfonyl
chlorides, and sulfonamides—have been constructed from the 9-SH functionalized carborane.

There have been no studies exploring the B-S bond-breaking process, however.

In this thesis, | will describe the synthesis of two classes of S-functionalized carborane
derivatives that are candidates for B-S bond cleavage—carboranyl dimethyl sulfoniums and zinc
bis(carboranyl sulfinates). Furthermore, | will survey a series of reaction conditions that |
employed to screen the reactivity of the zinc bis(meta-carboranyl sulfinate) reagent towards B-S

bond cleavage.



1.2. Discussion

1.2.1. Synthesis of Carboranyl Sulfonium Reagent

Sulfoniums have a general formula of [R3S]"X". The synthetic scheme for the target

sulfonium salt, [9-(Me,S)-ortho-C;B10H11]OTf (compound 1c), is depicted below in Figure 1-2.

©
— —OTf

Z —

/ﬁ;
I/

S8 AN 1)Et;N (4 eq), = 43\?
|\/(‘\—/',\\ DCM, 30 min, rt l/_\'\_//,_\ MeOTf, DCM, \/:_\_/_/\\
N 2) Mel (4 eq), 30 "~ 24hr, 1t S
min
SH S~cH _S.
3 HyC” o “CH3
1a 1b 1c

Figure 1-2. Synthetic scheme for the 9-ortho-carboranyl dimethyl sulfonium triflate

Compound la was synthesized according to procedures reported by Plesek et al. and Zakharkin
et al'®?2 and matches reported characterization. Attempting to oxidize compound 1b to a
sulfoxide by reacting it with hydrogen peroxide resulted in decomposition of the cage as
determined by B NMR resonances corresponding to a nido-carborane®®. Note that compound
1c was synthesized differently from previous reports®-?2 by utilizing a different electrophilic

methylating agent.
1.2.2. Synthesis and Reactivity Studies of Zinc Bis(carboranyl sulfinates)

Zinc bis(alkylsulfinates) were previously shown to be competent reagents in the
functionalization of nitrogen-rich heterocycles by the Baran group*?. The synthetic scheme for
the zinc bis(ortho-carboranyl sulfinate) is shown in Figure 1-3. Compound 2b was synthesized

under much milder conditions than the original reports from Zakharkin et al. and Plesek et al.1%%2



(e /NN
NCS (4 eq), 2M |\/:_\_/_\\ Zn dust, H0 absia

HCI:MeCN (1:5) _ A

\\/I\
<G
0
/

N 30 min, 0°C > 24 hr, rt
)
SH S0,CI 07"0 /2
Zh
1a 2b 2c

Figure 1-3. Synthetic scheme for the zinc bis(9-ortho-carboranyl sulfinate)

by adapting a procedure from Nishiguchi et al.*® Compound 2c was synthesized according to a
procedure adapted from Fujiwara et al. and O’Hara et al.'?'3 See methods section for full
experimental details. To confirm the formation of a sulfonyl chloride, compound 2b was reacted
with a variety amines to form a sulfonamide, but it was observed that compound 2b undergoes
deboronation similarly to compound 1b. These observations are consistent with the general
trend that the ortho- isomer of carborane is less stable than the meta- isomer towards certain
oxidizing and basic conditions®. This led to the decision to work with the meta- isomer instead.
The synthetic scheme for zinc bis(meta-carboranyl sulfinate) is shown in Figure 1-4 and is
similar to the scheme for the ortho- isomer. Likewise, compound 3a was synthesized according
to procedures reported by Plesek et al. and Zakharkin et al*®?2 and matches reported

characterization.

Unlike compound 2b, compound 3b rapidly and cleanly reacts with benzylamine to
afford the corresponding sulfonamide (compound 3d) as can be seen in Figure 1-4. Compound
3c was also synthesized using THF as the solvent instead of H.O, affording a similar-looking

compound that had slight differences in the NMR resonances. This, combined with the



observation that product made in THF was insoluble in H.O while the product made in H20 was
insoluble in THF, suggested that there is some sort of solvent adduct formation. Despite the
solubility differences, both compounds displayed similar reactivity towards the oxidative
conditions used to attempt to activate the B-S bond. Figure 1-5 shows the general reaction
scheme for the attempts at oxidative B-S bond cleavage. Table 1-1 summarizes the reaction
conditions employed in an attempt to activate the B-S bond on compound 3c (as can be seen in
the scheme of Figure 1-5). Ultimately, two reagents (di-tert-butylperoxide and the pyrylium-
based photocatalyst) were both able to activate the B-S bond. However, trapping the intermediate
radical state was unsuccessful. These results are nevertheless promising, showing that the
generated compound 3c can be a competent source for B-S bond cleavage under the appropriate

conditions.
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Figure 1-4. Synthetic scheme for the zinc bis(9-meta-carboranyl sulfinate), including the
synthesis of the 9-meta-carboranyl sulfonamide
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Figure 1-5. General scheme depicting the oxidative generation of a B-centered on carborane

Finally, cyclic voltammetry was used to probe the oxidation potential of compound 3c
(both the batch synthesized in H.O as well as in THF). The obtained voltammograms had high
levels of noise, but some crude results can be extracted from them showing that the oxidation
potential of compound 3c—with very little variation due to what solvent it adducts with—is

around 1.0 V with respect to the Fc/Fc* redox couple.



Entry Oxidant Trap/Substrate Solvent Temperature | Time | Result
(equivalents) (equivalents)
1 DTBP (3) TBP (0.5) H20 Room temp. 24 hr A
2 Mn(OAC)s-2H,0 (4) TEMPO (2) AcOH 60 °C 16hr | B
3 Photocatalyst (0.2) TEMPO (2) MeCN Room temp. 16 hr A
4 Photocatalyst (0.1) | Benzyl Bromide (2) MeCN Roomtemp. | 1.5hr A
5 Photocatalyst (0.05) None (control) MeCN Room temp. 1hr A
6 CAN (2.5) TEMPO (2) H,O:MeCN | Room temp. 16 hr C
(1:1)
7 CAN (3) + Nal (4) TEMPO (3) H,0:MeCN 40 °C 16hr | C
(1:2)
8 CAN (0.5) + H,0, TEMPO (3) H.O:MeCN 50 °C 16 hr C
(6) (1:2)
9 TBHP (3) TEMPO (0.5) DMSO 50 °C 48hr | C
10 TBHP (3) TBP (0.5) DMSO 50 °C 48hr | C
11 TBHP (6) TEMPO (0.5) DMSO Room temp. 24 hr C
12 TBHP (4) + I, (0.5) + TEMPO (3) THF 50 °C 16hr | C

FeSO47H:0 (3)

Table 1-1. Reaction conditions for B-S bond activation. Reactions run on a 0.05 mmol scale with respect to
sulfinate. DTBP: di-tert-butyl peroxide; TBP: 4-tert-butyl pyridine; CAN: ceric ammonium nitrate; TEMPO:
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl; TBHP: tert-butyl hydroperoxide; Photocatalyst: 2,4,6-tri(p-tolyl)pyrylium
tetrafluoroborate with blue LED irradiation; Results: A (recover unfunctionalized meta-carborane);

B (deboronation); C (no reaction)




1.3. Results

1.3.1. Carboranyl Sulfonium Reagent

The 9-ortho-carboranyl methyl sulfide (compound 1b) was characterized by *H (Figure 1-6),
1B (Figure 1-7), and *B{*H} (Figure 1-8) NMR spectroscopy as well as by GCMS (Figure 1-
9). The 9-ortho-carboranyl dimethyl sulfonium (compound 1c) was characterized by 11B

(Figure 1-10) NMR spectroscopy.
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Figure 1-6. *H NMR spectrum of compound 1b in CDCl,
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1.3.2. Zinc Bis(carboranyl sulfinates)

The 9-ortho-carboranyl sulfonyl chloride (compound 2b) was characterized by !B (Figure 1-
11) and "'B{*H} (Figure 1-12) NMR spectroscopy. The zinc bis(9-ortho-carborany! sulfinate)
(compound 2c) was characterized by !B (Figure 1-13) and **B{*H} (Figure 1-14) NMR
spectroscopy. Similarly, the 9-meta-carboranyl sulfonyl chloride (compound 3b) was
characterized by *H (Figure 1-15), !B (Figure 1-16) and **B{*H} (Figure 1-17) NMR
spectroscopy. The zinc bis(9-meta-carboranyl sulfinate) (compound 3c) was characterized by *H
(Figure 1-18), !B (Figure 1-19/22), and *B{*H} (Figure 1-20/23), as well as cyclic
voltammetry (Figure 1-21/24). Finally, the N-benzyl (9-meta-carboranyl) sulfonamide

(compound 3d) was characterized by B (Figure 1-25) NMR spectroscopy.
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1.4. Conclusion and Future Steps

In this chapter, two classes of S-functionalized icosahedral carboranes were synthesized
and characterized. Additionally, preliminary reactivity and cyclic voltammetry studies were
conducted on the zinc sulfinate class of reagents, and some chemical and photochemical oxidants
were found to cleave the B-S bond.

Future work remains to be done in terms of developing conditions that allow for the
trapping for the intermediate generated from the B-S cleavage. Using the data obtained from
cyclic voltammetry, reaction conditions can be better designed to match the oxidation potential
of the B-S bond. Additionally, more characterization remains to be done in terms of determining

the structure of the zinc sulfinate reagent.
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1.5. Methods

1.5.1. General Considerations

Meta- and ortho-C2B1oH12 (Katchem, Alfa Aesar) were used as is. Dry solvents were
obtained from a Solvent Purification System (SPS). All reactions were carried out under ambient
conditions (unless otherwise noted). Deuterated solvents were purchased from Cambridge
Isotope Laboratories and used as is. All other reagents and solvent were purchased from
commercial vendors and used as is. Plastic-backed Baker-flex Silica Gel IB2-F TLC plates were
used for thin layer chromatography. SiliaFlash® G60 60-200 um (70-230 mesh) purchased from
Silicycle was used for flash chromatography. TLC samples for carborane-containing compounds
were stained with 1 wt. % PdCl, in 6M HCI and developed with heat. Compounds 1a and 3a
were prepared by Harrison Mills according to reported procedures!®2? (see acknowledgements

section) and used as is.
1.5.2. Instrumentation

14, B3C, 1B, and *B{*H} NMR spectra were recorded on a Bruker AV400 spectrometer.
MestReNova software was used to process all NMR data. *H and *3C spectra were referenced to
residual solvent resonances in deuterated solvents and are reported relative to tetramethylsilane
(6 =0 ppm). 1B and 'B{*H} spectra were referenced to BF3-Et,0 as an external standard (5 = 0
ppm). Gas Chromatography Mass Spectrometry (GCMS) measurements were collected on an
Agilent 6890-5975 GCMS. Cyclic voltammetry data was collected using a Gamry Instruments

Interface 1010E potentiostat.
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1.5.3.

1.5.4.

Carboranyl Sulfonium Reagent

1.5.3.1. Synthesis of compound 1b

Compound 1a (349 mg; 1.98 mmol) was dissolved in 10 mL of DCM in a scintillation
vial, and then EtsN (1.1 mL; 8 mmol) was added and the mixture was allowed to stir for
30 minutes at room temperature. Mel (0.5 mL; 8 mmol) was then added and the mixture
was allowed to stir for 30 more minutes. The reaction progress was checked by TLC
(35:65 DCM:Hexanes), and upon completion the mixture was washed twice with water to
remove salts and then dried with MgSOa4. The solvent in the organic layer was removed in
vacuo to yield 280 mg of crude compound 1b (75% yield) that was then used for the

synthesis of compound 1c without any further purification.
1.5.3.2. Synthesis of compound 1c

Compound 1b (75 mg; 0.40 mmol) was dissolved in 2 mL of dry DCM in a scintillation
vial, and then MeOTT (51 uL; 0.46 mmol) was added and the mixture was allowed to stir
for 24 hr. The mixture was then triturated with pentane which resulted in 80 mg of crude

product as an oil (~58% vyield).

Zinc Bis(carboranyl sulfinates)

1.5.4.1. Synthesis of compound 2b

Following an adapted procedure®, compound 1a (40 mg; 0.23 mmol) was dissolved in a
2 mL v/v solution of 1:5 HCI(2M):MeCN and stirred at 0 °C. Then N-chlorosuccinimide
(NCS; 125 mg; 0.94 mmol) was added and the mixture was allowed to stir for 30 minutes.

After confirming the completion of the reaction by TLC (35:65 DCM:Hexanes), the crude
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product mixture was characterized by !B and *'B{*H} NMR spectroscopy and

subsequently dried in vacuo and used to synthesize compound 2c.
1.5.4.2. Synthesis of compound 2c

Following a modified adapted procedure'?!3, compound 2b (used as is from the previous
step) was dissolved in 1.5 mL of THF, and an excess of Zinc dust (160 mg; 2.46 mmol)
was added to the mixture, which was then allowed to stir overnight. After 24 hr, the
reaction mixture was filtered over a pad of celite and solvent was removed to yield a white
powder that was subsequently dissolved in CDsCN and characterized via !*B and 'B{*H}

NMR spectroscopy.

1.5.4.3. Synthesis of compound 3b

Following an adapted procedure®’, compound 3a (457 mg; 2.5 mmol) was dissolved in a
4 mL v/v solution of 1:5 HCI(2M):MeCN and stirred at 0 °C. Then N-chlorosuccinimide
(2.335 g; 10 mmol) was added and the mixture was allowed to stir for 30 minutes. After
confirming the completion of the reaction by TLC (35:65 DCM:Hexanes), the crude
product mixture was diluted with 0.75 mL of Et.O and washed with water (3 x 0.3 mL;
last wash was with brine). The organic layer was then collected and the solvent removed
in vacuo to yield 440 mg of compound 3b as a white powder (70% yield). Note: there is
some NCS left in the product mixture, but it does not affect the syntheses of compounds
3c and 3d.

1.5.4.4. Synthesis of compound 3c

Following a modified adapted procedure!?*3, compound 3b (400 mg; 1.65 mmol) was
dissolved in 3.5 mL of THF, and an excess of Zinc dust (1.51 g; 23.07 mmol) was added
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to the mixture, which was then allowed to stir overnight. After 24 hr, the reaction mixture
was filtered over a pad of celite and solvent was removed in vacuo. Finally, the resulting
powder was put on a fritted funnel with a filter paper and washed 2x with 10 mL of a 1:1
solution of DCM:EtOAcC, each time being allowed to sit for 45 seconds before applying
vacuum. The product was obtained as a free-flowing white powder (167 mg; 42% yield).
Note 1: this synthesis can also be done in water without changing the procedure. Note 2:
the washing steps are in attempt to remove ZnCl; impurities that usually do not affect

reactivity.

1.5.4.5. Synthesis of compound 3d

Compound 3a (40 mg; 0.16 mmol) was dissolved in a 1.5 mL v/v solution of 1:5
HCI(2M):MeCN and stirred at 0 “°C. Then N-chlorosuccinimide (125 mg; 10 mmol) was
added and the mixture was allowed to stir for around 30 minutes. Solvent was then
removed in vacuo and the reaction mixture was resuspended in 1.5 mL of MeCN. After
that, Benzylamine (50 pL; 0.46 mmol) was added and the reaction mixture was allowed to
stir for 15 mins, after which solvent was removed in vacuo and the crude product was

dissolved in DCM and characterized by 'B NMR spectroscopy.
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Chapter 2: Synthesis and Reactivity of Selenium- and Tellurium-

Functionalized Carborane Reagents at the B(9) Position

2.1. Introduction

Despite not being as prevalent as organosulfur compounds, organoselenium compounds
have a fairly well-established chemistry and have found some niche roles in synthetic organic
chemistry'. Organotellurium chemistry, on the other hand, is much less well-developed than
both organoselenium and organosulfur chemistry*”. This is due to several reasons, most notably
the general instability of organotellurium compounds, their foul odor, and their relatively high

toxicity®.

Shortly after the reports of the synthesis of carboranes with exopolyhedral B(9)-S bonds,
there were reports of the selenium and tellurium analogues of these carborane chalcogenides®?°,
There has been very little study of these compounds since their initial reports, however.
Additionally, the initial reports contain very little characterization of the electrophilic and
nucleophilic properties of these compounds beyond simple Sn2 reactions and the synthesis of
some potential electrophilic reagents. The characterization that has been performed on these
compounds is also very limited—consisting mainly of melting points and elemental analyses,

with scarce NMR analysis performed on the dichalcogenides.

In this chapter, | will describe the synthesis of a variety of B(9) selenium- and tellurium-
functionalized carboranes. | will then explore the nucleophilic and electrophilic reactivities of

several of the synthesized reagents.
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2.2. Discussion

2.2.1. General Considerations

This chapter will cover a few specific sections of a broader work, and as a result is not
all-inclusive. The complement to this work can be found in another dissertation and in a
manuscript in preparation (see acknowledgements section). The parent compound for the
majority of the reagents are the carboranyl dichalcogenides, whose general synthetic scheme can

be seen in Figure 2-1.

2.2.2. Target Compounds

Throughout this chapter, there will be references to nucleophilic and electrophilic
reagents. The nucleophilic reagents are those where the Selenium or Tellurium atom bears a
negative charge, and those species can be either generated in situ by reducing the corresponding
dichalcogenide using NaBHj4 to the corresponding chalcogenolate as can be seen below in
Figure 2-2, or by deprotonating the corresponding chalcogenol. On the other hand, the
electrophilic reagents are those where the Selenium or Tellurium atoms are bonded to one or
more electronegative elements—halogens for the purpose of this thesis—and thus bear a positive
charge. Those reagents are generated by the treatment of the corresponding dichalcogenide with
an elemental halogen source—as can be seen in Figure 2-2. Note that sulfuryl chloride (SO2Cly)

was used as a source of Cl, due to ease of handling compared to chlorine gas.
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2.2.3. Nucleophilic Chemistry of Selenium-Based Carboranyl Compounds

This section will describe the reactivity of the carboranyl selenolate anion. Figure 2-3
shows the synthetic scheme for the synthesis of an ortho-carboranyl selenol resulting from the
acidification of the selenolate generated in situ from the corresponding diselenide (compound
4a; see Figure 2-1 for scheme). Figure 2-4 shows the reactivity of the meta-carboranyl
selenolate anion in an Sn2-type epoxide ring-opening reaction with propylene oxide.
Compounds 4a, 4b, and 5a were all synthesized according to previous reported procedures??

with minor modifications.
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2.2.4. Electrophilic Chemistry of Selenium-Based Carboranyl Compounds

This section will describe the electrophilic reactivity of 9-meta-carboranyl selenyl (1)
chloride (compound 6a), as can be seen in Table 2-1. The general synthetic scheme is shown in
Figure 2-5. The synthesis and purification of compound 6a will be described in a different

dissertation as well as a manuscript in preparation (see acknowledgements).
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Figure 2-5. Synthetic scheme for the reactivity of carboranyl chalcogen halides

Entry X Result
1 trans-Chalcone No reaction
2 Cholesterol No reaction
3 5-hexen-2-one Product observed via GCMS (-Cl)
4 N-vinyl Pyrrolidone Color change; reverts back to compound 4a overnight
5 Cycloheptanone Product observed via GCMS (-Cl)

Table 2-1. Reactivity of compound 6a with several alkenes and a ketone (see results section for more details)

2.2.5. Nucleophilic Chemistry of Tellurium-Based Carboranyl Compounds

This section details the nucleophilic reactivity of the tellurium-based carboranyl reagents.
The general synthetic scheme follows Figure 2-2, where a tellurolate anion is generated by the in
situ reduction of the 9.9’-bis-ortho-carboranyl ditelluride (compound 7a; see Figure 2-1 for
scheme). The anion is then either subjected to an acidic workup to produce the tellurol or reacted
with different alkyl halides (such as methyl iodide and benzyl bromide) to produce the
corresponding alkyl telluroether. Figure 2-6 outlines these reactions. Based on surveyed
literature reports, compounds 7a-d as well as 8a-b have the most upfield or near the most

upfield **>Te chemical shifts reported*®. Compound 7b has been reported before!! but has not
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been characterized via NMR spectroscopy. Additionally, its stability was studied with respect to
decomposition in solvent over time. Compound 7d was exceptionally unstable, starting to
decompose in a J-Young NMR tube throughout the course of characterization, leading to the
hypothesis that it is light sensitive. Additionally, compound 7d decomposed in the glovebox
freezer over time at -30 °C, showing that it is likely also thermally unstable. The instability of the
ortho-carboranyl tellurol is already expected because tellurols are generally unstable to begin
with and an ortho-carboranyl substitutent at the B(9) position is a highly electron rich
substituent. Interestingly, attempts to generate an aryl telluroether through SnAr-type reactions
or through oxidative radical coupling reactions of the ditelluride (dotted arrows in Figure 2-6)

were largely unsuccessful. The details are summarized in Table 2-2.
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Entry [O] (eq) ArB(OH); (eq) Solvent Temperature | Time | Result
1 AgNO:; (0.20) PhB(OH). (2) | 1,4-Dioxane 100 °C 6 hr A
2 CuCl; (2.25) p-tolyl B(OH). (2) Et.O Roomtemp. | 16 hr B
o 3 Mn(OACc); (2.4) | p-tolyl B(OH). (2) THF Roomtemp. | 16 hr A
%— 4 Mn(OAc); (2.4) | p-tolyl B(OH):(2) THF 80 °C 16 hr B
E 5 Mn(OAc)s (2.4) | p-tolyl B(OH), (2) THF 50 °C 16 hr B
IS
':;53 6 Mn(OAC); (2.4) | p-tolyl BOH);(2) | AcOH 60 °C 6hr| B
7 Cul.bpy (0.05) | p-tolyl B(OH)2(2) DMSO 100 °C 16 hr A
8 ~ p-tolyl B(OH), (2) DMSO 100 °C 16 hr A
Entry ArX Solvent Temperature | Time | Result
9 4-iodotoluene EtOH Roomtemp. | 16 hr C
g | 10 4-chlorotoluene EtOH Roomtemp. | 16 hr C
>
” 11 Perfluorotoluene DMF Roomtemp. | 16 hr C

Table 2-2. Reaction conditions for attempted generation of aryl tellurides through SyAr and oxidative coupling. All
reactions were run on a 0.05 mmol scale with respect to compound 7a. Results: A: no reaction; B: trace product
by GCMS; C: no reaction, reforms ditelluride upon exposure to air

Finally, Figure 2-7 shows a reaction whereby the meta-carboranyl tellurolate was
generated by reduction with NaBH4 and then reacted with propylene oxide to produce 9-meta-

carboranyl(2-hydroxypropyl)telluride.
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2.2.6. Electrophilic Chemistry of Tellurium-Based Carboranyl Compounds

This section examines the electrophilic reactivity of tellurium-based meta-carboranyl
reagents. The first explored mode of reactivity is with organolithium species. Lithium-Tellurium
exchange is a well-studied branch of chemistry and represents one of the most common uses for
Tellurium in synthetic chemistry. In fact, Li-Te exchange is known to be one of the fastest metal-
lithium exchange reactions'®. We wanted to conduct preliminary studies into the reactivity of
carboranyl tellurides with organolithiums and explore whether Te-Te, Te-B, or Te-C bond
cleavage occurred. One issue is that the carborane C-H vertices posed an issue since they are
acidic enough to also react with organolithiums. As a result, the methyl-protected meta-
carboranyl ditelluride and meta-carboranyl methyl telluride seen in Figure 2-8 were both
synthesized and then stirred with an excess of n-butyllithium (nBuLi) for 15 minutes. The results
were probed by GCMS, and it was observed that the Te-Te bond in the ditelluride is
quantitatively cleaved by nBuL.i to form the butyl telluride (Figure 2-8). On the other hand, the
methy| telluride was much slower to react with nBuL.i, only forming the butyl telluride in 7%

conversion after 15 minutes.
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Figure 2-8. Reaction scheme for probing the Li-Te exchange properties of the meta-carboranyl tellurides

The second explored mode of electrophilic reactivity of tellurium-based meta-carboranyl
species is the addition to alkenes and alkynes. The specific class of carboranyl-tellurium reagents
chosen for this was the carboranyl tellurium trihalides. Figure 2-9 shows the reaction scheme for
the synthesis of a variety of meta-carboranyl tellurium trihalides. Ultimately, compound 10a
was chosen as the model electrophile because it offers the highest electrophilicity due to the
electronegativity of the chlorine atoms. Figure 2-10 shows the reaction scheme between
compound 10a and several nucleophiles. There is clean conversion to compounds 11a and 12a
after the reaction with phenylacetylene and norbornene, respectively. Furthermore, these Te(IV)
species can be reduced to their Te(ll) counterparts upon treatment with an aqueous solution of
sodium thiosulfate. This can be monitored by tracking the upfield change in the 1*Te NMR
resonances as well as the well-resolved splitting in the Te(ll) species that are not broadened out

due to having two chlorines on the tellurium atom anymore.

47



N
7

X WX
F/f\—/—‘\ __ Bry (3 eq), DCM, Y SOCl, (3eq), DCM, |/

7>~ " N,30min, 0°C Te” N, ,30 min, 0°C . <7~

TeBr; A TeCl;
N7\
10b K\\_//} 10a

e

,, DCM,
N, ,30 min, 0°C

\

-

Decomposition

Figure 2-9. Reaction scheme for the synthesis attempts of various meta-carboranyl tellurium trihalides

No rxn Thiophene \—/ Phenylacetylene Na,$,0; (aq)
—_—— £
CHCly, reflux 24hr % CHCT;, reflux 16hr Cl 15 min
Y e Te
Cl
. TeCl, | |
2
Q‘\e ’Lb“\ Ph Cl Ph Cl
(\ ,\\o*
%@ 10a 11a 11b
\'5*
AR
No rxn

Norbornene
CHCI3, reflux 16hr

Na,S,0; (aq)
15 min

12a

Figure 2-10. Reaction scheme for the reactivity of the meta-carboranyl tellurinyl (1V) trichloride (compound 10a).
Note that only one isomer is shown but the isomer that represents the true major product is not known yet.
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2.3. Results

2.3.1. Nucleophilic Chemistry of Selenium-Based Carboranyl Compounds

The 9-ortho-carboranyl selenol (compound 4b) was characterized by *H (Figure 2-11) and !B
(Figure 2-12) NMR spectroscopy. The (2-hydroxypropyl) 9-meta-carboranyl selenide
(compound 5b) was characterized by *H (Figures 2-13, 2-14), °C (Figures 2-15, 2-16), 1'B
(Figure 2-17), 'B{*H} (Figure 2-18), 1%Te (Figure 2-19), and *H-'H COSY (Figure 2-20)

NMR spectroscopy.
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2.3.2. Electrophilic Chemistry of Selenium-Based Carboranyl Compounds

The products (compound 6b) resulting from the reaction of 9-meta-carboranyl selenyl (1)
chloride (compounds 6a) and 5-hexen-2-one were characterized by GCMS (Figure 2-21). The
products (compound 6c) resulting from the reaction of 9-meta-carboranyl seleny! (11) chloride

(compound 6a) and cycloheptanone were characterized by GCMS (Figure 2-22).
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2.3.3. Nucleophilic Chemistry of Tellurium-Based Carboranyl Compounds

The bis(9-ortho-carboranyl) ditelluride (compound 7a) was characterized by H (Figure 2-23,
2-28), 3C (Figure 2-24), 1'B (Figure 2-25, 2-29), 1'B{*H} (Figure 2-26, 2-30), and '®Te
(Figure 2-27) NMR spectroscopy. The 9-ortho-carboranyl methyl telluride (compound 7b) was
characterized by *H (Figure 2-31, 2-32, 2-37), 3C (Figure 2-33), !B (Figure 2-34), 'B{H}
(Figure 2-35, 2-38), and '®Te (Figure 2-36) NMR spectroscopy as well as GCMS (Figure 2-
39). The 9-ortho-carboranyl benzyl telluride (compound 7c) was characterized by *H (Figure 2-
40), 1B (Figure 2-41), and **B{*H} (Figure 2-42) NMR spectroscopy. The 9-ortho-carboranyl
tellurol (compound 7d) was characterized by *H (Figure 2-43), 3C (Figure 2-44), 'B (Figure
2-45), 'B{*H} (Figure 2-46), and *Te (Figure 2-47) NMR spectroscopy. Due to
decomposition, several extra resonances can be seen for compound 7d. The (2-hydroxypropyl)
9-meta-carboranyl telluride (compound 8b) was characterized by 'H (Figures 2-48, 2-49), 3C
(Figures 2-50, 2-51), 'B (Figure 2-52), **B{*H} (Figure 2-53), *Te (Figure 2-54), and *H-'H

COSY (Figure 2-55) NMR spectroscopy.
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2.3.4. Electrophilic Chemistry of Tellurium-Based Carboranyl Compounds

The product (compound 9c) of the lithiation reaction of the bis(9-meta-1,7-dimethylcarboranyl)
ditelluride (compound 9a) was characterized by GCMS (Figure 2-56). The product (compound
9c) of the lithiation reaction of the (9-meta-1,7-dimethylcarboranyl) methyl telluride (compound
9b) was characterized by GCMS (Figure 2-57). The 9-meta-carboranyl tellurinyl (1V) trichloride
(compound 10a) was characterized by *H (Figure 2-58), 13C (Figure 2-59), 'B (Figure 2-60),
UB{'H} (Figure 2-61), and 1%Te (Figure 2-62) NMR spectroscopy. The 9-meta-carboranyl
tellurinyl (1V) tribromide (compound 10b) was characterized by *H (Figure 2-63), *C (Figure
2-64), 1B (Figure 2-65), 1'B{*H} (Figure 2-66), and **Te (Figure 2-67) NMR spectroscopy.
The product (compound 11a) of the reaction of the 9-meta-carboranyl tellurinyl (1V) trichloride
(compound 10a) and phenylacetylene was characterized by '?°Te (Figure 2-68) NMR
spectroscopy. The reduction product of compound 11a (compound 11b) was characterized by
125Te (Figure 2-69) NMR spectroscopy. The product (compound 12a) of the reaction of the 9-
meta-carborany!l tellurinyl (1V) trichloride (compound 10a) and norbornene was characterized
by 12Te (Figure 2-70) NMR spectroscopy. The reduction product of compound 12a

(compound 12b) was characterized by '°Te (Figure 2-71) NMR spectroscopy.
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Figure 2-58. *H NMR spectrum of compound 10a in THF-d8
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Figure 2-60. 'B NMR spectrum of compound 10a in THF-d8
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Figure 2-61. 'B{*H} NMR spectrum of compound 10a in THF-d8
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Figure 2-67. 1%Te NMR spectrum of compound 10b in THF-d8 (Apodization applied; lb = 50 Hz)
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Figure 2-69. 1%Te NMR spectrum of compound 11b in CDCl; (Apodization applied; Ib = 45 Hz)
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2.4. Conclusion and Future Steps

In this chapter, | discussed the synthesis of various Se- and Te-
functionalized carborane reagents at the B(9) position. The nucleophilic and
electrophilic reactivity of these reagents was studied in a series of reactions. This
work is part of a manuscript in preparation, and further work remains to be done in

fully characterizing the results and expanding the scope of reactivity.
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2.5. Methods

2.5.1. General Considerations

Meta- and ortho-C2B1oH12 (Katchem, Alfa Aesar) were used as is. Dry solvents were
obtained from a Solvent Purification System (SPS). All reactions were carried out under ambient
conditions (unless otherwise noted) and light was minimized when possible (fume hood light
was off during all manipulations). Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used as is. All other reagents and solvent were purchased from commercial
vendors and used as is. Plastic-backed Baker-flex Silica Gel IB2-F TLC plates were used for thin
layer chromatography. SiliaFlash® G60 60-200 um (70-230 mesh) purchased from Silicycle was
used for flash chromatography. TLC samples for carborane-containing compounds were stained

with 1 wt. % PdCI in 6M HCI and developed with heat.

Compounds 4a, 5a, 6a, 8a, and 9a were prepared by Harrison Mills according to modified
reported procedures (see acknowledgements section) and used as is. Detailed protocols for these

compounds can be found in a separate dissertation as well as a manuscript in preparation.
2.5.2. Instrumentation

14, 3C, 1B, and *B{*H} NMR spectra were recorded on a Bruker AV400 spectrometer
while "’Se and 2Te NMR spectra were recorded on a Bruker DRX 500 spectrometer.
MestReNova software was used to process all NMR data. *H and *3C spectra were referenced to
residual solvent resonances in deuterated solvents and are reported relative to tetramethylsilane
(6 =0 ppm). B and 'B{*H} spectra were referenced to BF3-Et,0 as an external standard (5 = 0
ppm). ’’Se spectra were referenced to Ph,Se; as an external standard (5 = 463.15 ppm). 12°Te

spectra were referenced to PhoTez in THF as an external standard (6 = 408 ppm). Gas

115



Chromatography Mass Spectrometry (GCMS) measurements were collected on an Agilent 6890-

5975 GCMS.

2.5.3. Nucleophilic Chemistry of Selenium-Based Carboranyl Compounds

2.5.3.1. Synthesis of compound 4b

An oven-dried 50 mL Schlenk flask was charged with ortho-carborane (1.44 g; 10 mmol)
and AICIs (1.33 g; 10 mmol) and degassed. The solids were then dissolved in 25 mL of
dry DCM, and Se>Cl, (0.42 mL; 5 mmol) was slowly added to the stirring solution under
steady flow of nitrogen. The reaction mixture was allowed to stir overnight, and then
subsequently quenched slowly with water and extracted with DCM. The organic fractions
were combined, dried with Na,SOg, filtered, and then dried in vacuo. The product was
then resuspended in 30 mL of anhydrous EtOH and NaBH4 (0.8 g; 21 mmol) was added
under vigorous stirring for 15 minutes (until the solution turns clear and colorless). The
reaction was then diluted with 100 mL of water and filtered to remove any solids. The
solution was then acidified with 6M HCI until no precipitate appears (caution, the reaction
mixture smells foul after this step) and the solids were collected through filtration and ran
through a silica pad eluted with DCM. Finally, the selenol product was purified through

sublimation at 105 °C to obtain 0.410 g of product (18.4% yield).
2.5.3.2. Synthesis of compound 5b

Compound 5a (67 mg; 0.15 mmol) was degassed and stirred in 1 mL of anhydrous EtOH
in a 16x125 mm reaction tube equipped with a septum under a steady flow of nitrogen,
while minimizing light exposure. NaBH34 (50 mg; 1.35 mmol) was quickly added and the
mixture was stirred for 15 minutes until it became colorless, after which propylene oxide
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(42 pL; 0.6 mmol) was quickly pipetted into the reaction and the mixture was left to stir
overnight under a static nitrogen atmosphere. The reaction was then diluted with 3 mL of
water and 2 mL of 1M HCI was slowly added. The mixture was extracted with Et>O and
the combined organic fractions were dried with Na2SO4 and purified via flash column

chromatography (eluted with DCM) to yield 71 mg of selenoether in 84.5% yield.

2.5.4. Electrophilic Chemistry of Selenium-Based Carboranyl Compounds
2.5.4.1. General considerations for synthesis of compounds 6b, 6¢
To a stirring solution of compound 6a (13 mg; 0.05 mmol) in 0.75 mL of dry DCM
substrate (6b: 5.84 uL, 0.05 mmol; 6¢: 6.61 uL; 0.05 mmol) was added, and the reaction
was left to stir overnight. The reaction mixture was then ran through a quick silica plug
and analyzed by GCMS.

2.5.5. Nucleophilic Chemistry of Tellurium-Based Carboranyl Compounds

2.5.5.1. Synthesis of compound 7a

An oven-dried 100 mL Schlenk flask was charged with TeCls (1.347 g; 5 mmol) in a
glovebox, and then with 25 mL of dry DCM. Ortho-carborane (720 mg; 5 mmol) and
AICl3 (1.33 g; 10 mmol) were degassed in a separate vial and added to the stirring reaction
mixture under a steady flow of nitrogen. The mixture was stirred at 35 °C for 6 hours and
left to cool to room temperature overnight, after which the solvent was removed in vacuo
and the mixture was resuspended in 75 mL of anhydrous EtOH. Na,S-9H.O (1.2 g; 5
mmol) was added and the mixture was stirred for 4 hours. After checking the reaction for
completion by TLC (1:3 DCM:Hexanes), another 600 mg of Na>S-9H>0 were added and
the reaction was stirred overnight. Then, the reaction was poured into 100 mL of water

and extracted with Et>O. The mixture was then filtered to remove any solids and the
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solvent was removed from the organic fractions in vacuo to yield the crude product. The
product was then recrystallized overnight by dissolving in around 11 mL of benzene and
layered with 45 mL of hexanes in a 50 mL Erlenmeyer flask to yield 1 g of dark red

powder in 74% yield.

2.5.5.2. Synthesis of compound 7b

An oven-dried 25 mL Schlenk flask was charged with compound 7a (270 mg; 0.5 mmol)
and then degassed, after which 10 mL of anhydrous EtOH was added to dissolve the
powder. To the stirring solution under a steady flow of nitrogen NaBH,4 (70 mg; 1.88
mmol) was added and the reaction was monitored until colorless (the mixture was overall
allowed to stir for 15 minutes). Mel (90 uL; 1.45 mmol) was then quickly pipetted into the
reaction, which was allowed to stir for 15 more minutes after which the reaction was
poured into 10 mL of water and extracted with Et,O. The organic fractions were combined
and dried in vacuo. Finally, the product was purified via sublimation at 75 °C to yield 145
mg of product (white solid) in 51% yield. The product was initially stored in the glovebox
freezer at -30 °C but NMR stability studies found that it is stable in solution for more than

a week, thus storage in a freezer at ambient conditions should be sufficient.

2.5.5.3. Synthesis of compound 7c

An oven-dried 10 mL Schlenk flask was charged with compound 7a (54 mg; 0.1 mmol)
and then degassed, after which 2 mL of anhydrous EtOH was added to dissolve the
powder. To the stirring solution under a steady flow of nitrogen NaBH4 (20 mg; 0.54
mmol) was added and the reaction was monitored until colorless (the mixture was overall
allowed to stir for 15 minutes). Benzyl bromide (24.94 uL; 0.21 mmol) was then quickly

118



pipetted into the reaction, which was allowed to stir for 15 more minutes after which the
reaction was poured into 5 mL of water and extracted with Et.O. The organic fractions
were combined and dried with Na>SOg, after which solvent was removed in vacuo to yield

50 mg of yellowish solid in 70% yield.

2.5.5.4. Synthesis of compound 7d

An oven-dried 10 mL Schlenk flask was charged with compound 7a (116 mg; 0.21
mmol) and then degassed, after which 1 mL of anhydrous EtOH was added to dissolve the
powder. To the stirring solution under a steady flow of nitrogen NaBH4 (40 mg; 1.07
mmol) was added and the reaction was monitored until colorless (the mixture was overall
allowed to stir for 15 minutes). The reaction was then slowly acidified with 1 mL of 1M
HCI and extracted with DCM. The combined organic layers were dried in vacuo and
quickly transferred to a microsublimator and purified via sublimation at 65 °C, yielding 17
mg of white powder in 15% yield. The product was transferred to a J-Young NMR tube
for characterization, but decomposition was apparent even in an inert atmosphere. Storage
at -30 "C in the glovebox also caused decomposition, thus the tellurol must be generated

and used in situ if needed.

2.5.5.5. Synthesis of compound 8b

The exact same procedure was used as the one for compound 5b, except compound 8a

(81.3 mg; 0.15 mmol) was used instead of 5a. Yield: 74.6 mg; 75%.
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2.5.6. Electrophilic Chemistry of Tellurium-Based Carboranyl Compounds

2.5.6.1. Synthesis of compound 9b

The same general procedure was used as the one for compound 7b, except compound 9a
(71 mg; 0.12 mmol) was used instead of 7a and the resulting product was not purified via

sublimation.

2.5.6.2. General considerations for the synthesis of compound 9c (lithiation

experiments)

A 10 mL Schlenk flask was charged with either compound 9a (30 mg; 0.05 mmol) or 9b
(31.4 mg; 0.10 mmol) and then degassed, after which 1 mL of dry Et.O was added to
dissolve the solids. To the stirring solution cooled to 0 °C in an ice bath under a steady
flow of nitrogen n-butyllithium (80 uL, 0.2 mmol for compound 9a; 40 uL, 0.1 mmol for
compound 9b) was added and the reaction was stirred for 15 minutes, after which the
crude reaction mixture was passed through a quick silica plug and characterized by

GCMS.

2.5.6.3. Synthesis of compound 10a

A 16x125 mm reaction tube equipped with a septum was charged with compound 8a (163
mg; 0.3 mmol) and then degassed, after which 5 mL of dry DCM was added to dissolve
the powder. The stirring solution was cooled to 0 °C in an ice bath under a steady flow of
nitrogen, and then SO.Cl, (121 puL; 1.5 mmol) was added and the reaction mixture was
allowed to stir for 30 minutes. After 30 minutes the reaction mixture was cloudy white. It

was then centrifuged and the supernatant was carefully decanted, after which the product
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was washed with hexanes 3 times and dried in vacuo to yield 192 mg of free-flowing

white powder in 85% yield.
2.5.6.4. Synthesis of compound 10b

The same procedure was used as the one for compound 10a, except the scale was reduced
to 0.05 mmol (27 mg) with respect to compound 8a and Br; (26.4 mg; 0.165 mmol; from
a stock solution in DCM) was used instead of SO.Cl>. The product was then characterized

by NMR spectroscopy and the yield was not measured.
2.5.6.5. Synthesis of compounds 11a and 11b

A 16x125 mm reaction tube equipped with a septum was charged with compound 10a (40
mg; 0.1 mmol) and then degassed, after which 0.5 mL of CDCl3z was added to suspend the
powder. Phenylacetylene (22 uL; 0.2 mmol) was added to the stirring solution which was
heated to reflux under a steady flow of nitrogen and allowed to stir overnight. After
stirring overnight, the crude reaction mixture containing compound 11a was allowed to
come to room temperature and characterized via 1'B, *'B{*H}, and 1*Te NMR
spectroscopy. 1 mL of a saturated aqueous solution of sodium thiosulfate was then added
to the crude mixture and the biphasic mixture was vigorously stirred for 15 minutes until
the organic layer looked yellowish. The organic layer was then collected and ran through a

quick silica plug and then characterized via 1*B, *'B{*H}, and 1*Te NMR spectroscopy.
2.5.6.6. Synthesis of compounds 12a and 12b

The same procedure was followed as the one for compounds 11a and 11b, except that

norbornene (18.8 mg; 0.2 mmol) was used instead of phenylacetylene.
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