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Abstract

This work advances the foundation of anti-B1sH>, chemistry by exploring cluster reactivity in the
context of monohalogenation and the luminescent properties of the resulting compounds. The
synthesis and photoluminescent properties of new anti-BisH2> derivatives 4-1-Bi1gH21 and 7-Cl-
BisHa21 are described and benchmarked against other existing monohalogenated species reported
previously. Electrophilic halogenation utilizing AlCIz and I> produces iodination at the B4 vertex
to produce 4-I-BigsHz1 in 43% isolated yield. This compound exhibits oxygen-insensitive
phosphorescence at 514 nm (® = 0.16). Chlorination of the B7 vertex through treatment of the
parent borane with N-chlorosuccinimide and hydrochloric acid gives 7-C1-BigHz1 in 76% isolated
yield, which produces fluorescent emission at 418 nm and exhibits one of the highest quantum
yields of BigH22 derivatives reported to date, @ = 0.80.

1. Introduction

Among the molecular luminescent materials containing boron,' anti-B1sHa, is the only inherently
fluorescent unfunctionalized polyhedral boron hydride known to date, exhibiting a quantum yield
of 0.97.2 This compound has recently gained more widespread attention due to its promise for
optoelectronic applications, such as lasers, OLEDs and UV-imaging.’ Despite this, much is still
unknown regarding the synthetic diversification routes for anti-BisH22 and how substitutions at
the boron vertices can alter its luminescent profile. The synthetic chemistry of anti-BisHz> is
particularly more challenging given the more sophisticated cage structure compared to many other
polyhedral boranes, rendering classical spectroscopic tools such as ''B NMR less informative for
routine structural characterization. These challenges are particularly pronounced when analyzing
asymmetrically functionalized Bis-based compounds, which can display up to 18 unique broad,
quadrupolar chemical shifts in the ''B NMR spectrum.* As a result, single crystal X-ray diffraction
is an extremely valuable tool necessary to confirm the molecular structure of these boron clusters
and has consequently proven instrumental in the synthetic investigations of this boron cluster
family.

Derivatives of anti-BisHa reported so far’ give insight into the reactivity of the cluster (Figure 1).
There have been several studies reporting the synthesis of di- and poly-functionalized Bis-based
clusters. Interestingly, despite the report on the first monofunctionalized BigH»> clusters dating as
early as 1968,°" chemical routes allowing to selectively position a single functional group at a
predetermined vertex in this species are still lacking. For example, while several halogenation
methods have led to the synthesis and isolation of 7-1 and 4-Br, the 4-1 and 7-CI have been

7--B4gH21 4-1-B1gH2, 4-Br-B,gH24 7-Cl-B1gH21
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Figure 1. Structure and numbering scheme for anti-BisH22 and monohalogenated derivatives of anti-BisHz: in this
and previously published works.> 3¢

conspicuously missing. The synthesis of these compounds is important to decipher the effects of



simple substituents on the fluorescent properties of anti-BisH».* Dramatic differences in
luminescent properties have already been observed between compounds with similar structures;
for example, while 7-I-anti-B1sH21 exhibits phosphorescence at 525 nm and a quantum yield of
0.41,¢ monobrominated 4-Br-anti-BisHa1 possesses a dual emission property in which
fluorescence at 410 nm and phosphorescence at 503 nm occur simultaneously.>® It remains unclear
if these differences are attributable to substituent identity (I vs. Br), substituent location (B7 or
B4), or a combination of both. To decouple the complex relationship between structure and
luminescence, we expand the scope of monohalogenated Big clusters with two new derivatives 4-
I-anti-BisHz1 (4-1) and 7-Cl-anti-BisH21 (7-Cl). Investigation of their luminescent properties
revealed oxygen-insensitive phosphorescence in 4-I and bright blue fluorescence in 7-Cl that
exhibits high efficiency with ® = 0.80.

2. Results and Discussion
2.1 Synthesis and Structural Analysis

2.1.1 Synthesis of 4-I-anti-B1sH>; and 7-CIl-BsHz;: A procedure used previously™® to prepare 4,4’-
I-B1sH20 was optimized to produce monohalogenated 4-I-anti-B1gH»1. Specifically, 1 eq. I and 50
mol% AICI3 were reacted for 18 hours with anti-BigH2> dissolved in dichloromethane. In situ
analysis of the resulting product mixture indicated the dominant presence of BigHxil in the
negative mode of electrospray ionization (ESI) mass spectrum (Figure S1). The pure
monoiodinated compound was obtained in 43% isolated yield after purifying the crude product
mixture by column chromatography on acidified silica gel. Spectroscopic characterization of
purified product through "B NMR indicated an asymmetric boron cluster species with a diagnostic
resonance corresponding to the newly substituted boron vertex at -49.2 ppm (Figures S2-4). Fifteen
of the remaining peaks in the ''B NMR spectrum show distinctive couplings to protons, overall
confirming the monosubstitution pattern. Single crystal X-ray diffraction further confirmed the
identity of the B4-substituted compound 4-I (Figures 2, S15).
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Figure 2. Synthetic schemes and crystal structures of 4-1 (left) and 7-Cl (right), with significant bond lengthening
denoted as bold bonds in the numbered structures. Thermal ellipsoids are drawn at 50% probability.



Success with the synthesis of 4-Br previously and 4-I in this study prompted us to expand this
approach towards chlorination potentially targeting the B4 vertex through in situ generation of Cla
gas. This, however, proved challenging given the high reactivity of diatomic chlorine. When anti-
BisH22 was treated with SO>Cl, and AICI; in 1,2-dichloroethane, the major species observed by
electrospray ionization was BigH20Clo (m/z = 284.24) accompanied by less intense mass peaks
corresponding to BisH21Cl and BigsHi19Cls. Purification by column chromatography on acidified
silica gel produced the dichlorinated product, which appeared pure by mass spectrometry (Figure
S9). However, analysis of this sample by "B NMR spectroscopy revealed two sets of boron
resonances that indicated the sample contained two dichlorinated isomers (Figures S10-11).
Neither modifications to this protocol nor the exploration of alternative electrophilic halogenation
methods produced the desired B4-chlorinated products as a single isomer that could be
successfully isolated chromatographically. Surprisingly, over the course of our studies, we
discovered a set of conditions that produces a chlorinated isomer of BisH2> in which the B4 vertex
remains unfunctionalized. Specifically, when the parent borane was reacted with Cl, gas produced
in situ by treating N-chlorosuccinimide (NCS) with HCl/dioxane in dichloromethane’ (Figure 2),
the only mass observed in the mass spectrum of the crude reaction mixture corresponded to
B1sH21Cl (m/z = 250.32). After purification by filtration and an aqueous workup, the pure sample
was analyzed by "B NMR (Figures S5-8). The presence of more than 9 apparent boron resonances
suggested an asymmetric cluster structure, and the newly substituted boron vertex was denoted by
a singlet at -0.88 ppm. The significant difference between this chemical shift and the -49.2 ppm
resonance observed in 4-I led us to suspect that the chloride substituent could reside on a vertex
other than B4. Subsequent analysis by single crystal X-ray diffraction revealed that this molecule
was indeed the B7-functionalized product, 7-Cl-B1sHa21 (Figure S16). The apparent preference for
B7 chlorination under the employed conditions was surprising given that the only other B7-
substituted BisH2> derivative reported to date, 7-I, forms from the reaction of anti-BigH», with I
in ethanol. Similarities between the 7-Cl and 7-1 reaction conditions, such as the absence of AICl3
catalyst, suggest that vertex preference could be dictated by the reacting intermediates (i.e., X2 vs
X") arising from the halogenation conditions. While AICl; assists in the formation of X" to yield
B4 functionalization, B7 products likely form from the reaction of the parent borane with X»,
which is assisted by diatomic bond polarization from the employed solvent.® As noted by previous
work on the chlorination of carborane-based compounds, preferential site substitution (in this case,
B7) could arise from a radical reaction favoring the kinetic product.” Notably, we attempted to
synthesize the related 7-Br-anti-BigHz1 cluster through similar means of employing N-
bromosuccinimide activation. Indeed, we were able to purify a BisH21Br compound (Figures S12-
14) but have since been unable to confirm its location on the boron cage through single crystal X-
ray diffraction due to our inability to grow X-ray quality crystals.

2.1.2 Structural Analysis of halogenated derivatives: Analysis of the monohalogenated BisHa>
clusters through single crystal X-ray diffraction reveals that functionalization of the parent borane
with halides leaves the overall cluster geometry intact (Table 1). Most bond lengths fit within three
standard uncertainties compared to the parent BisHa2, however the halogenated derivatives exhibit
overall longer bonds. Select lengths of the newly synthesized compounds 4-1 and 7-Cl are



Table 1. Select bond lengths (A) of BisH22, 4-1, 7-C1, 7-1,%* and 4-Br>¢ with deviations from BisH2> greater than
three standard uncertainties highlighted in blue. For 4-I, connectivities are B’ and B6 instead of B5 (e.g., B1’-B6).

Connectivity B,gH,,*CcH, 4-1e2CH, 71 7-Cle2C,H, 4-Bre2CH,
B1-B2 1.786(5) 1.786(4) 1.780(5) 1.788(4) 1.750(7)
B1-B3 1.778(5) 1.786(5) 1.785(5) 1.782(4) 1.767(7)
B1-B4 1.786(5) 1.796(5) 1.806(5) 1.792(4) 1.804(6)

B1-B5 or B6 1.746(5) 1.754(4) 1.754(5) 1.757(4) 1.753(7)
B1-B10 1.74(5) 1.753(4) 1.754(5) 1.755(4) 1.766(7)
B2-B3 1.746(5) 1.766(4) 1.767(5) 1.769(4) 1.760(7)

B2-B5 or B6 1.765(5) 1.807(4) 1.800(5) 1.758(4) 1.816(7)
B2-B7 1.774(5) 1.792(5) 1.787(5) 1.799(4) 1.793(7)
B3-B4 1.774(5) 1.775(4) 1.780(5) 1.776(4) 1.772(7)
B3-B7 1.746(5) 1.756(4) 1.766(5) 1.758(4) 1.763(7)
B3-B8 1.723(5) 1.751(4) 1.761(5) 1.758(4) 1.758(7)
B4-BS 1.789(5) 1.801(4) 1.791(5) 1.802(4) 1.811(7)
B4-B9 1.702(5) 1.721(5) 1.712(5) 1.732(4) 1.735(7)
B4-B10 1.775(5) 1.781(4) 1.788(5) 1.785(4) 1.768(7)

B5 or B6-B10 1.968(5) 1.980(4) 1.971(5) 1.977(4) 1.990(7)

B5 or B6-B7 1.815(5) 1.820(5) 1.817(5) 1.823(4) 1.824(7)
B7-B8 1.946(5) 1.965(5) 1.972(5) 1.982(4) 1.973(7)
B8-B9 1.795(5) 1.797(5) 1.796(5) 1.790(4) 1.806(7)
B9-B10 1.783(5) 1.784(5) 1.778(5) 1.788(4) 1.789(7)

B-X - 1.965(4) 2.173(5) 1.746(3) 1.906(7)

compared to those of BigH2> and the previously reported monohalogenated clusters 7-1 and 4-Br.
The most significant changes occur at bonds closest to the functionalized vertex. All structures
exhibit a significant lengthening of B3-B8 and, except for 4-I1, B7-B8 bonds. Similarly, the B2-B5
(B2’-B6 for 4-I) bonds show >0.035A increases in every compound except 7-Cl, in which it is
slightly contracted. This contraction is compensated by significant lengthening in the B2-B3 and
B2-B7 bonds of the chlorinated molecule. It is also worth noting that the B4-B9 connectivity is
longer in all compounds, however 7-Cl and 4-Br show a remarkably longer B4-B9 bond than their
iodinated analogues, 7-1 and 4-1.

2.2 Photoluminescence Data

To gain insight into the effect of halogenation on the photophysical properties of Big-based
clusters, absorption and emission data of 4-1 and 7-Cl were gathered in cyclohexane solution
(Figure 3). The features in the absorption spectrum of 4-I remain similar to the parent borane, but
the absorptivity is diminished to € = 4400 M-'cm™!, which is close to the absorptivity of 7-I (Table
2, Figure S17). Like 7-I, 4-I exhibits phosphorescence albeit at a slightly higher emission energy
of 514 nm, with no evidence of the dual luminescence observed in 4-Br. This can be attributed to
the heavy atom effect, which lends spin-orbit coupling (SOC) to the molecule that permits
intersystem crossing (ISC) from the excited singlet to triplet state. In this case, the increased size
and weight of iodide compared to bromide results in greater SOC/ISC and therefore complete
phosphorescence. These data suggest that the absorption coefficient, emission wavelength, and
nature of the luminescent process (fluorescence vs. phosphorescence) are primarily dictated by the
identity of the substituent rather than its location. However, the 50% reduction in quantum yield
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Figure 3. Absorption (solid) and emission (dotted) spectra of 4-I and lifetime of 4-I remain unchanged
7-Cl in cyclohexane. Aexc = 340 nm. upon degassing the cyclohexane
solution (Figure S18). Typically, such
insensitivity is caused by the inability of oxygen to interact with the molecule in the excited state
due to either significant steric hindrance or obstruction of the oxygen reactive site.!? 4-I does not
possess enough steric bulk to apply to the former, and quenching by oxygen has been observed in
other B4-halogenated derivatives, which suggests that the latter is also unlikely. Rather, the
insensitivity of phosphorescence to quenching by oxygen could be caused by the
spatial distribution of valence orbitals in 4-1. Specifically, the Natural Transition Orbitals (NTOs)
determined from DFT calculations for the triplet excited state of 4-1 (Figure S21) show an electron
NTO that is distributed across the entire boron cluster, whereas the hole NTO resides mainly
localized on the iodide substituent. As phosphorescence quenching by oxygen takes place via
triplet energy transfer using a Dexter mechanism, sufficient overlap is required between the
valence orbitals of the interacting species (4-I and O2).!! Therefore, spatial confinement of the hole
NTO in 4-I could inhibit energy transfer by offering ineffective overlap with the corresponding
molecular orbital on oxygen.
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7-Cl also exhibited interesting absorption and emission properties (Figure S19). First, the
absorptivity (¢ = 8200 M-'em™!) exceeds that of BigHx2 and is on par with the absorptivity of the
only other chlorinated compound reported to date.d In contrast to the other halogenated
compounds, 7-Cl exhibits exclusively fluorescent emission at 418 nm. The absence of
phosphorescence can be explained in part by the lighter and smaller nature of the chloride
substituent compared to iodide or bromide. In addition, the difference in energy between the
HOMO and HOMO-1 is large (AE = 0.9 eV). These orbitals have large contributions from
orthogonal p-orbitals on the chloride atom and, following El-Sayed’s rules,!! are responsible for
the change in angular momentum needed for effective SOC. The large energy separation between
the filled valence orbitals results in poor SOC and raises the energy for the S, and T» states
(HOMO-1 —» LUMO, S; = 5.5 eV, T> = 5.1 V), which further contributes to the inefficient ISC
(Figure S22). While population of the excited triplet state does occur, phosphorescence is only
visible as a shoulder at ~500 nm in the emission spectrum at 77 K (Figures S19-20). Therefore,



Table 2. Summary of photophysical data of monohalogenated BisH»: clusters in cyclohexane
solution.*%°< ®Measured in oxygen-free cyclohexane. Aexe= 350 nm for quantum yield
measurements of 4-I and 7-Cl. See Figures S11-13 for data.

Compound Ay (hm)  €(Micm?) A, (nm) (0] T (ps)
BysH,, 335 6800 408 0.97 0.0112
4-1-B,gH,, (4-1) 342 4400 514 0.162 1.22
7-1-B,gH,, (7-1) 365 4900 525 0.41° 27°
7-Cl-B,gH,, (7-Cl) 344 8200 418 0.80 0.0083
4-Br-B,gH,, (4-Br) 341 1900 410, 503 0.07° 0.0103, 11.6°

the fluorescent nature of emission is maintained under ambient conditions and is red-shifted only
slightly from the parent compound. The lifetime (8.3 ns) of this process is too fast to permit
luminescence quenching by oxygen, and therefore does not change between ambient and degassed
solutions. The quantum yield of 7-Cl is also one of the highest of all Bis-based compounds reported
to date, with @ = (.80.

3. Conclusion The syntheses of two new halogenated anti-BisH»> derivatives, 4-1-anti-BisHz1 (4-
I) and 7-Cl-anti-BisH21 (7-Cl) have been reported and benchmarked in the context of previously
reported monohalogenated analogues. While electrophilic halogenation at the B4 vertex has
successfully produced 4-Br and 4-1, attempts to synthesize the analogous chlorinated structure in
this work instead resulted in 7-Cl, which is the only reported B7-substituted BigH2» derivative
apart from 7-I. The structures of these compounds derived from single crystal X-ray diffraction
show the overall cluster geometry is unperturbed, however significant bond lengthening between
the B3-B8 and B7-B8 connectivities is observed for most clusters. In contrast to the other
halogenated compounds, 7-Cl exhibits B2-B5 bond contraction coupled with lengthening between
the neighboring B2-B3 and B2-B7 bonds. While these minor structural differences exist, it is clear
from the photophysical data that the absorption, emission, and quantum yields are greatly
influenced by the identity and placement of halides. Interestingly, € seems to be largely affected
by the halide identity, with only 7-Cl exhibiting improved absorptivity over the unfunctionalized
borane. In contrast, the quantum yield is highly susceptible to all aspects of structural modification;
significant differences are not only observed between different halides, but also in vertex-
differentiated clusters containing the same halide. As research into the synthetic and
photoluminescent properties of anti-B1sHa2z derivatives grows, structure-function relationships will
become an increasingly important aspect of chromophore design. To that end, this work expands
the foundation of synthetic modification of anti-Bi1sHz>, provides additional structural evidence
through single crystal X-ray crystallography, and expands our understanding of the resulting
luminescent properties of the substituted compounds.
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