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ABSTRACT

The Lewis acidity of primary, secondary, and tertiary boranes with phenyl, pentafluorophenyl, and
all three isomers of icosahedral carboranes (ortho, meta, and para) were investigated by computing
their fluoride, hydride, and ammonia affinities as well as global electrophilicity indices and LUMO
energies. From these calculations, the substituent effects on the Lewis acidity follow the trend of

ortho-carborane > meta-carborane > para-carborane > C¢Fs > C¢Hs.



INTRODUCTION

Boranes are classical Lewis acids that are widely used due to their electron deficiency and desire
to fill the vacant p-orbital to satisfy its octet.!"® The substituents bound to the boron center greatly
influence the accessibility and energy of the empty p-orbital providing a handle to tune the Lewis
acidity and steric profile.” The application of trihalo- and trialkyl- boranes in catalysis is limited
in comparison to triaryl- species.® ® While trihaloboranes are generally the most Lewis acidic,’ the
B—X bonds are reactive with many functional groups and difficult to manipulate due to moisture-
sensitivity and volatility, thus not useful for many applications. The trialkylboranes are the least
Lewis acidic and modifying the groups on the alkyl chain only results in small permutations in the
acid strength, making them challenging to tune, and only weak Lewis acids. Triarylboranes have
garnered the greatest interest owing to their exceptional stability as well as the ability to fine-tune
their Lewis acidity by modification of the substituents on the aryl group.®° Electron-withdrawing
groups such as —F, —Cl, and —CF3 can be installed to increase the Lewis acidity at the boron
center.!%-20 The perfluorinated triarylborane, tris(pentafluorophenyl)borane [B(C¢Fs)3],2” has found
the most extensive applications in Lewis acid mediated chemistry, notably in catalysis, olefin
polymerization, and as the Lewis acid component in frustrated Lewis pairs.”> 21
Fluoroarylboranes with a para-fluorine atom can be susceptible to deleterious reactivity via
nucleophilic substitution at that position that limits their use.’® 3! Beyond fluorinated arene
substituted boranes, little research has been directed to find new Lewis acids with similar, or better,
catalytic activity. Exotic means have emerged that include cationic substituents and functional

groups that chelate metals to serve as electron-withdrawing groups.’>#14?-% The cationic

substituents and metals can be reactive themselves rather than behave as spectator ligands.



Berionni and coworkers have been leveraging constrained geometry at the boron center to generate

extremely Lewis acidic boranes in situ, but the free Lewis acids have yet to be isolated.*648

Dicarbadodecaboranes, or carboranes, are C>BioHi2 icosahedral clusters composed of boron,
carbon, and hydrogen atoms that are bonded non-classically.** The three isomers of neutral
C:2B1oH12 are named based on the relative positions of the two carbon atoms in the icosahedron:
ortho (carbon atoms adjacent, 1- and 2-positions), meta (carbon atoms separated by a boron atom,
1- and 7-positions), and para (carbon atoms separated by two boron atoms on opposite sides of
the cage, 1- and 12-positions).*” The molecular orbital diagrams of the C2Bio cages in all isomers
have all 13 cluster bonding orbitals fully occupied and the antibonding orbitals unoccupied leading
to high kinetic stability. Icosahedral carboranes are often termed as three-dimensional aromatics
due to the high delocalization of the electron density throughout the cluster. Since their disclosure
in the 1960s, carboranes have been explored in many fields of chemistry including medicine,

catalysis, polymers, optoelectronic applications, and the metal-ion extraction of nuclear waste.>"-
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Figure 1: closo-C2B10H12 Carborane isomers.

The research groups of Lee and Park prepared aryl boranes that featured ortho-carboran-1-yl
groups on the para- and meta- positions of the aryl groups.>*>8 Fluoride binding was enhanced by
three orders of magnitude with one carborane-substituted arene on boron and four orders of

magnitude when three carborane-substituted arenes were on boron in comparison to species



lacking carboranes. The o-carborane-functionalized aryl boranes demonstrate C-bound o-
carborane serves as effective electron-withdrawing group, but it is more effective to directly bind
it to boron rather than having an arene spacer.>®%? Fox and coworkers prepared C-dimesitylboryl-
o-carboranes (1 and 2) and calculated their fluoride ion affinities to be 132.9 and 127.3 kcal/mol,
respectively, which exceed that of the arene bridged species (123.9 and 122.6 kcal/mol,
respectively).®® Welch and co-workers prepared a derivative of 1 and 2 with a methyl group on the
other carbon (3) that exhibited similar Lewis acidity.®* Marder and co-workers synthesized a bis(o-
carboranyl)-(p-tolyl)-borane 4, that could be reduced and isolated as the corresponding radical

anion attributed to its low energy LUMO.%°
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Figure 2: Known carborane substituted boranes with measured Lewis acidity.

Marder, Braunschweig, and coworkers reported the mono- and bis-borafluorene o-carboranyl
species 5 and 6,° ¢’ that are both susceptible to endocyclic B-C bond cleavage or insertion to
access heterocycles,®® in many cases similar to 9-borafluorenes with B-aryl or B-halo
substitution.®-#2 Carboranes are considered 3D analogues of benzene and accordingly, carborane

containing analogues of fluorene and anthracene have been targeted. Ye,** Dobrovetsky,** and our



group® reported bis-ortho-carboranyl-borane analogues of a 9-borafluorene with various
substitution on boron (7). The diisopropylamino species and mesityl were not Lewis superacids
due to m-donation and bulk, respectively but Br, Cl, Ph were all classified as Lewis superacids
(LSAs). A LSA is a species with a theoretically calculated fluoride ion affinity (FIA) exceeding
SbFs.8% 87 Ye and coworkers have prepared analogues of anthracene in which the two phenyl
groups are replaced by o-carboranes (8).%%-% Both the calculated hydride and fluoride ion affinities
(HIA and FIA) follow the Lewis acidity trend of Br > Cl > Ph > N3 > CHj3 with all five species
exceeding the HIA of B(CsFs); and the FIA of SbFs. The boracyclic analogues of the
cyclopropenium cation were also prepared featuring the two carbon atoms of o-carborane (9).7%°!
Amino substituents as n-donors or bulky mesityl groups were required to isolate these species due

to the reactivity of the strained three-membered ring.

Our team recently prepared tris(o-carboranyl)borane (10) that is a Lewis superacid that promotes
catalytic C—F bond functionalization reactions.”? The aforementioned studies clearly indicate the
ability of the o-carboranes to act as an electron-withdrawing moiety, but the relative Lewis acidic
properties are not clearly evaluated nor do any examples with the other carborane isomers exist.
In this work, we examine the electron-withdrawing effect of all three carborane isomers on the

Lewis acidity of boranes.

RESULTS AND DISCUSSION

To analyze the carborane substituent effects on Lewis acidity, three sets of compounds will be
investigated, HBR, HBR», and BR3; complexes where R is an ortho-, para-, or meta-carborane (o-

C2BioHi1, p-C:BioH11, and m-C2BioHii, respectively). The only known compounds in these are the



homoleptic tris(ortho-carboranyl)borane 10 and a secondary borane HB(0o-CH3-C,B1oHi0)2, where
for the latter the ortho-carbon bears C—~CHj rather than C—H.?%3 The results will be compared to
the phenyl and pentafluorophenyl substituted variants. The computational methods used to assess
Lewis acidity are Hydride, fluoride, and ammonia affinity calculations, the global electrophilicity
index (GEI), and LUMO energy levels. Fluoride and hydride ions exhibit high basicity and are
small in size, and thus, steric effects are minimized. Stephan and coworkers recently developed
the GEI that calculates the ability of a Lewis acid to accept a single electron which is advantageous
in some aspects, as it reduces the structural reorganization in comparison to the coordination of an

atom or ion and is not influenced by the hardness of the base.**

For H,BR molecules, there is a substantial effect on the hydride and fluoride affinities for changing
the position of the relatively electron withdrawing C—H carborane cage substituent from the ortho-
to the meta- position with a drop of nearly 30 kJ/mol. There is a smaller decrease in the ammonia
affinity as well. The same effect is seen as the C—H is moved to the para- position, albeit with less
magnitude with a further drop in 10 kJ/mol for fluoride and hydride affinities and a slight decrease
in the ammonia affinity. Substituting the C—H for a C—CH3 group on the carborane cage has a
minimal effect, slightly reducing the Lewis acidity which is in line with the inductive effect of —
CHj3 on carbon. In all cases the Lewis acidity is significantly higher than the corresponding —C¢Hs
or —CgFs substituted systems. The LUMO energies and GEls follow the same trend with the
LUMO increasing in energy as the C—H becomes more distant from the central boron. The LUMO
of the —C¢F's substituted H,BR is lower in energy than the carborane substituted species, however,
it is more delocalized with contribution on the —C¢Fs ring, whereas the carborane substituted
species have the LUMO entirely localized on B as previously determined for the isolated

tris(ortho-carboranyl)borane (10).



Table 1: Calculated values of H.BR model complexes. HIA = hydride ion affinity, FIA = fluoride
ion affinity, all affinities are in kJ/mol; GEI = global electrophilicity index; %Vsu = Lewis acid
buried volume (%).

R HIA FIA NH; Affinity LUMO (eV) GEI % VBur

0-C:B1oH11 482 464 119 —2.81 2.82 41.1
0-CH3-C2B1oH1o 482 465 117 —2.77 2.77 44.8
m-CoB1oH1 451 437 112 —2.53 2.56 419
m-CH3-CaB1oHio 448 434 111 —2.48 2.51 41.9
p-CoBioHny 441 427 110 —2.44 2.49 41.7
p-CH3-C2B1oHio 434 421 104 —2.37 243 41.7
CsHs 354 326 61 —2.24 2.24 342

CqF's 415 383 90 —3.02 3.07 37.5

The steric implications of changing a —H to —CH3 at the carbon atoms of each isomer were
considered using the method of determining Lewis acid buried volume developed by Radius and
co-workers using the SambVca 2.1 tool on the respective fluoride adducts. The C—H and C—CH3
carborane substituted boranes are more sterically protected at boron than —CsFs and —CsHs in all
cases. The steric effect at boron for C-CHz3 rather than C—H is only impactful on the ortho-
substituted carborane species with no change found if methyl substitution is at the meta- or para-

positions.

We recently reported HB(o-CH;-C;B1oH10)2, the carborane analogue of Piers’ borane [HB(C¢Fs),] %>
7 with C—CHj; substituents on the ortho-carbon positions of the carborane cages. Here, the other
possible isomers/analogues are considered. In all cases a substantial increase in Lewis acidity
towards hydride and fluoride is calculated in the secondary borane over the primary boranes. The
ammonia affinities are less affected and even decrease slightly. There is a lowering of the LUMO
energies and corresponding increase in the GEls as compared with the H,BR species. With two
carboranes the effect on the hydride and fluoride affinities changing from ortho- to meta- to para-

positioning of the C—H has an increased effect, dropping affinities by approximately 50 kJ/mol



from ortho- to meta-, as compared with approximately 30 kJ/mol for the same change with H,BR.

As with H,BR there is a lessened effect changing meta- to para-, albeit still increased with a drop

of around 20 kJ/mol in this case. In line with H,BR species, all carborane substituted analogues

have greater Lewis acidity than —C¢Hs or —C¢Fs substitution.

Table 2: Calculated values of HBR> model complexes. All affinities are in kJ/mol. %Vgu = Lewis

acid buried volume (%).

R HIA FIA NH; Affinity LUMO (eV) GEI % VBur

0-C2B1oH1 549 542 118 -3.33 3.24 57.1
0-CH3-C2B1oH1o 540 527 120 -3.10 3.10 64.7
m-C2B1oHn 498 489 109 —2.75 2.76 58.0
m-CH3-C2B1oHio 494 485 113 —2.66 2.68 58.0
p-CBioHn 482 469 106 -2.59 2.61 58.0
p-CH;-CaB1oHio 479 465 101 -2.43 2.47 57.9
CsHs 358 351 44 -2.19 2.20 443

CqF's 457 429 100 —3.26 3.40 47.0

With two carboranes on boron, changing C—H to C—CH; at the ortho- position has a significant

impact on the Lewis acid buried volume at the central boron with an increase from 57.1% to 64.7%.

If the C-H is at the meta- or para-position, as with H,BR changing to C—CHs, there is no impact

on the Lewis acid buried volume at the central boron, with Lewis acid buried volume at 58% in all

cases.



Figure 3. Lewis acid % buried volume plOtS for HB(O—CH3—C2B10H10)2, HB(m—CH3—C2B10H10)2, HB(p—

CHj3-C;B1oH10)2 (left to right, respectively).

In the secondary boranes, the steric imposition of the carborane notably affects the C—B—C bond
angles more so than the —C¢Fs and —C¢Hs substituents. For the BR; and H.BR compounds, the
bond angles are exactly or nearly 120°. For secondary boranes, the —CsFs and —CsHs substituted
species have C—B—C bond angles of 125-126°, but for the carborane variants they are more obtus
at 128-129°. Surprisingly, installing methyl groups, regardless of the isomer, has a negligible effect
on the bond angle presumably due to the ability of the icosahedron to rotate with the small H

substituent.

For BR3 only C—H carboranes were evaluated as changing C—H to C—CH3 has only meager effects
on the Lewis acidity in the primary and secondary borane systems. Hydride and fluoride ion
affinities are higher for BR3 than the other HBR> and H2BR sets of compounds considered, with a
maximum at 10. This is exemplified in the graphs in figure 3. Hydride and fluoride affinities drop
approximately 70 kJ/mol upon changing the isomer from ortho- to meta- and reduce by 24 kJ/mol
from meta- to para- in the BR3 systems. Notably, the fluoride ion affinity for a Lewis superacid is
set at the value for SbFs at 493 kJ/mol, meaning all three carborane substituted BR3 species are

Lewis superacids while the ortho-carboranyl substituted secondary borane is the only Lewis



superacid in that class. This data indicates that there is a general additive effect in increasing the

number of carborane substituents on the fluoride and hydride affinities. The general trend for

LUMO energy level also follows this. For the ammonia affinity, there is less of a trend with them

being less variable in adding more substituents. Compound 10 is the bulkiest trisubstituted borane

reported to date and moving the C—H position to meta- or para- increases the Lewis acid buried

volume % at boron even more owing to the slightly longer B—H adjacent to the central boron as

compared to C—H. If these derivatives could be synthesized it would represent a new limit for

steric congestion at a boron Lewis acid.

Table 3: Calculated values of BR3 complexes. All affinities are in kJ/mol. %Vsur = Lewis acid

buried volume (%).

R HIA FIA  NH; Affinity LUMO (eV) GEI % VBur
0-C:B1oHni 622 605 149 -3.99 4.22 71.9
m-C2Bi1oH1i 551 538 102 -3.28 3.32 73.4
p-CaBioHi 527 514 96 -3.08 3.09 73.6

CeHs 356 356 30 -2.09 2.11 53.1
CeF's 484 452 97 -3.50 3.78 58.9
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Figure 4: Fluoride ion affinity (FIA), hydride ion affinity (HIA), NH; affinity, LUMO, GEI, and

buried volume (%) graphs of compounds examined.

CONCLUSIONS

This study indicates that all three isomers of carboranes (ortho, meta, and para) are superior
substituents for increasing the Lewis acidity of boranes than pentafluorphenyl or phenyl groups.
The high fluoride ion affinities comfortably place all three of the homoleptic
tris(carborane)boranes in the Lewis superacid regime. While the tris(ortho-carboranyl)borane is
known, the para- and meta-variants are not and represent interesting targets. This report establishes
carborane-substituted boranes as powerful Lewis acids and offers much needed diversification in

the field of boron Lewis acids. Although fluorinated arene-substituents are effective, their planar

11



steric profile is very different than the three-dimensional profile of the boranes. In addition, the
bulk in these carborane Lewis acids should make them effective as components in frustrated Lewis

pair chemistry.

COMPUTATIONAL METHODS

Calculations were performed using Gaussian 16.°® Coordinates and electronic energies are given
for BP86/SV(P) geometry optimizations and single point vibrational frequency calculations.”-10?
Fluoride and hydride affinities were calculated using Krossing’s method using an isodesmic
comparison to the fluoride and hydride affinity of [CH3)3-Si]".!> Ammonia affinities were
calculated using B3LYP-D3/def2SVP.?%103-195 The molecular orbitals were calculated using
B3LYP/def2TZVP and Global Electrophilicity Indices calculated based on the method from

106,107 1 ewis acid % buried volume calculations were performed using

Stephan and co-workers.
the SambVca method on .xyz files from the fluoride adducts using BP86/SV(P) geometry
optimizations as per the method from Radius and co-workers.!%: 19 The F atom was selected as

the centre of the sphere, Z defined by B, the xy plane defined by a carbon bound to boron and then

the F atom omitted.
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12



Cartesian coordinates of optimized geometries in .xyz format

AUTHOR INFORMATION

Corresponding Author

*Jason L. Dutton, j.dutton@latrobe.edu.au

*Caleb D. Martin, caleb d martin@baylor.edu

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

ACKNOWLEDGMENT

We are grateful to the Australian Research Council (FT16010007, DP20010013), Welch
Foundation (Grant No. AA-1846), the National Science Foundation (Award No. 1753025), and
the American Chemical Society Petroleum Research Fund (Grant 65596-ND3) for their generous
support of this work. Generous allocation of computing resources from La Trobe University are

acknowledged.

REFERENCES

1.  Willcox, D.; Melen, R. L., Borane-Catalyzed Heterocycle Synthesis. Trends Chem. 2019, 1
(6), 625-626.

2. Rao, B.; Kinjo, R., Boron-Based Catalysts for C—C Bond-Formation Reactions. Chem. Asian
J. 2018, /3 (10), 1279-1292.

3. Fyfe, J. W. B.; Watson, A. J. B., Recent Developments in Organoboron Chemistry: Old
Dogs, New Tricks. Chem 2017, 3 (1), 31-55.

4, Hatano, M.; Ishihara, K., Lewis Acids. In Boron Reagents in Synthesis, American Chemical
Society: 2016; Vol. 1236, pp 27-66.

13



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Matteson, D. S., Introduction to Borane Chemistry. In Stereodirected Synthesis with
Organoboranes, Matteson, D. S., Ed. Springer Berlin Heidelberg: Berlin, Heidelberg, 1995;
pp 1-20.

Deloux, L.; Srebnik, M., Asymmetric boron-catalyzed reactions. Chem. Rev. 1993, 93 (2),
763-784.

Sivaev, 1. B.; Bregadze, V. 1., Lewis acidity of boron compounds. Coord. Chem. Rev. 2014,
270-271, 75-88.

Berger, S. M.; Ferger, M.; Marder, T. B., Synthetic Approaches to Triarylboranes from 1885
to 2020. Chem. Eur. J. 2021, 27 (24), 7043-7058.

Carden, J. L.; Dasgupta, A.; Melen, R. L., Halogenated triarylboranes: synthesis, properties
and applications in catalysis. Chem. Soc. Rev. 2020, 49 (6), 1706-1725.

Chase, P. A.; Piers, W. E.; Patrick, B. O., New Fluorinated 9-Borafluorene Lewis Acids. J.
Am. Chem. Soc. 2000, 122 (51), 12911-12912.

Blagg, R.J.; Lawrence, E. J.; Resner, K.; Oganesyan, V. S.; Herrington, T. J.; Ashley, A.
E.; Wildgoose, G. G., Exploring structural and electronic effects in three isomers of
tris {bis(trifluoromethyl)phenyl} borane: towards the combined electrochemical-frustrated
Lewis pair activation of Ho. Dalton Trans. 2016, 45 (14), 6023-6031.

Bohrer, H.; Trapp, N.; Himmel, D.; Schleep, M.; Krossing, 1., From unsuccessful H-
activation with FLPs containing B(Ohfip); to a systematic evaluation of the Lewis acidity of
33 Lewis acids based on fluoride, chloride, hydride and methyl ion affinities. Dalton Trans.
2015, 44 (16), 7489-7499.

Zhao, H.; Reibenspies, J. H.; Gabbai, F. P., Lewis acidic behavior of B(C¢Cls)s. Dalton
Trans. 2013, 42 (3), 608-610.

Nicasio, J. A.; Steinberg, S.; Inés, B.; Alcarazo, M., Tuning the Lewis Acidity of Boranes
in Frustrated Lewis Pair Chemistry: Implications for the Hydrogenation of Electron-Poor
Alkenes. Chem. Eur. J. 2013, 19 (33), 11016-11020.

Binding, S. C.; Zaher, H.; Mark Chadwick, F.; O'Hare, D., Heterolytic activation of
hydrogen using frustrated Lewis pairs containing tris(2,2’,2"-perfluorobiphenyl)borane.
Dalton Trans. 2012, 41 (30), 9061-9066.

Herrington, T. J.; Thom, A. J. W.; White, A. J. P.; Ashley, A. E., Novel H; activation by a
tris[3,5-bis(trifluoromethyl)phenyl]borane frustrated Lewis pair. Dalton Trans. 2012, 41
(30), 9019-9022.

Ashley, A. E.; Herrington, T. J.; Wildgoose, G. G.; Zaher, H.; Thompson, A. L.; Rees,
N. H.; Krémer, T.; O’Hare, D., Separating Electrophilicity and Lewis Acidity: The
Synthesis, Characterization, and Electrochemistry of the Electron Deficient
Tris(aryl)boranes B(C¢F5)3-n(CsCls)n (n = 1-3). J. Am. Chem. Soc. 2011, 133 (37), 14727-
14740.

Fan, C.; Piers, W. E.; Parvez, M., Perfluoropentaphenylborole. Angew. Chem. Int. Ed. 2009,
48 (16), 2955-2958.

Britovsek, G. J. P.; Ugolotti, J.; White, A. J. P., From B(CsFs)3 to B(OCgF5s)3: Synthesis of
(C6F5)2BOCgFs and CsFsB(OCesFs), and Their Relative Lewis Acidity. Organometallics
2005, 24 (7), 1685-1691.

Massey, A. G.; Park, A. J., Perfluorophenyl derivatives of the elements: I.
Tris(pentafluorophenyl)boron. J. Organomet. Chem. 1964, 2 (3), 245-250.

Kumar, G.; Roy, S.; Chatterjee, 1., Tris(pentafluorophenyl)borane catalyzed C—C and C—
heteroatom bond formation. Org. Biomol. Chem. 2021, 19 (6), 1230-1267.

14



22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hackel, T.; McGrath, N. A., Tris(pentafluorophenyl)borane-Catalyzed Reactions Using
Silanes. Molecules 2019, 24 (3), 432.

Lawson, J. R.; Melen, R. L., Tris(pentafluorophenyl)borane and Beyond: Modern Advances
in Borylation Chemistry. /norg. Chem. 2017, 56 (15), 8627-8643.

Stephan, D. W.; Erker, G., Frustrated Lewis Pair Chemistry: Development and Perspectives.
Angew. Chem. Int. Ed. 2015, 54 (22), 6400-6441.

Stephan, D. W., Frustrated Lewis Pairs: From Concept to Catalysis. Acc. Chem. Res. 2015,
48 (2), 306-316.

Stephan, D. W., Frustrated Lewis Pairs. J. Am. Chem. Soc. 2015, 137 (32), 10018-10032.
Melen, R. L., Applications of pentafluorophenyl boron reagents in the synthesis of
heterocyclic and aromatic compounds. Chem. Commun. 2014, 50 (10), 1161-1174.

Erker, G., Tris(pentafluorophenyl)borane: a special boron Lewis acid for special reactions.
Dalton Trans. 2005, (11), 1883-1890.

Piers, W. E.; Chivers, T., Pentafluorophenylboranes: from obscurity to applications. Chem.
Soc. Rev. 1997, 26 (5), 345-354.

Welch, G. C.; Holtrichter-Roessmann, T.; Stephan, D. W., Thermal Rearrangement of
Phosphine—B(CeFs)3 Adducts. Inorg. Chem. 2008, 47 (6), 1904-1906.

Welch, G. C.; Cabrera, L.; Chase, P. A.; Hollink, E.; Masuda, J. D.; Wei, P.; Stephan, D.
W., Tuning Lewis acidity using the reactivity of “frustrated Lewis pairs”: facile formation
of phosphine-boranes and cationic phosphonium-boranes. Dalton Trans. 2007, (31), 3407-
3414.

Song, K. C.; Lee, K. M.; Nghia, N. V.; Sung, W. Y.; Do, Y.; Lee, M. H., Synthesis and
Anion Binding Properties of Multi-phosphonium Triarylboranes: Selective Sensing of
Cyanide lons in Buffered Water at pH 7. Organometallics 2013, 32 (3), 817-823.

Kim, Y.; Huh, H.-S.; Lee, M. H.; Lenov, 1. L.; Zhao, H.; Gabbai, F. P., Turn-On
Fluorescence Sensing of Cyanide Ions in Aqueous Solution at Parts-per-Billion
Concentrations. Chem. Eur. J. 2011, 17 (7), 2057-2062.

Matsumoto, T.; Wade, C. R.; Gabbai, F. P., Synthesis and Lewis Acidic Behavior of a
Cationic 9-Thia-10-boraanthracene. Organometallics 2010, 29 (21), 5490-5495.

Kim, Y.; Gabbai, F. P., Cationic Boranes for the Complexation of Fluoride Ions in Water
below the 4 ppm Maximum Contaminant Level. J. Am. Chem. Soc. 2009, 131 (9), 3363-
3369.

Hudnall, T. W.; Chiu, C.-W.; Gabbai, F. P., Fluoride Ion Recognition by Chelating and
Cationic Boranes. Acc. Chem. Res. 2009, 42 (2), 388-397.

Kim, Y.; Zhao, H.; Gabbai, F. P., Sulfonium Boranes for the Selective Capture of Cyanide
Ions in Water. Angew. Chem. Int. Ed. 2009, 48 (27), 4957-4960.

Chiu, C.-W.; Kim, Y.; Gabbai, F. P., Lewis Acidity Enhancement of Triarylboranes via
Peripheral Decoration with Cationic Groups. J. Am. Chem. Soc. 2009, 131 (1), 60-61.
Hudnall, T. W.; Kim, Y.-M.; Bebbington, M. W. P.; Bourissou, D.; Gabbai, F. P., Fluoride
Ion Chelation By a Bidentate Phosphonium/Borane Lewis Acid. J. Am. Chem. Soc. 2008,
130 (33), 10890-10891.

Hudnall, T. W.; Gabbai, F. P., Ammonium Boranes for the Selective Complexation of
Cyanide or Fluoride lons in Water. J. Am. Chem. Soc. 2007, 129 (39), 11978-11986.

Lee, M. H.; Agou, T.; Kobayashi, J.; Kawashima, T.; Gabbai, F. P., Fluoride ion
complexation by a cationic borane in aqueous solution. Chem. Commun. 2007, (11), 1133-
1135.

15



42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Koring, L.; Stepen, A.; Birenheide, B.; Barth, S.; Leskov, M.; Schoch, R.; Kriamer, F.;
Breher, F.; Paradies, J., Boron-Centered Lewis Superacid through Redox-Active Ligands:
Application in C—F and S—F Bond Activation. Angew. Chem. Int. Ed. 2023, 62 (13),
€202216959.

Wade, C. R.; Gabbai, F. P., Cyanide Anion Binding by a Triarylborane at the Outer Rim of
a Cyclometalated Ruthenium(II) Cationic Complex. Inorg. Chem. 2010, 49 (2), 714-720.
Rao, Y.-L.; Wang, S., Impact of Constitutional Isomers of (BMes>)phenylpyridine on
Structure, Stability, Phosphorescence, and Lewis Acidity of Mononuclear and Dinuclear
Pt(IT) Complexes. Inorg. Chem. 2009, 48 (16), 7698-7713.

Sun, Y.; Wang, S., Conjugated Triarylboryl Donor—Acceptor Systems Supported by 2,2'-
Bipyridine: Metal Chelation Impact on Intraligand Charger Transfer Emission, Electron
Accepting Ability, and “Turn-on” Fluoride Sensing. Inorg. Chem. 2009, 48 (8), 3755-3767.
Osi, A.; Mahaut, D.; Tumanov, N.; Fusaro, L.; Wouters, J.; Champagne, B.; Chardon,
A.; Berionni, G., Taming the Lewis Superacidity of Non-Planar Boranes: C—H Bond
Activation and Non-Classical Binding Modes at Boron. Angew. Chem. Int. Ed. 2022, 61 (7),
€202112342.

Chardon, A.; Osi, A.; Mahaut, D.; Doan, T.-H.; Tumanov, N.; Wouters, J.; Fusaro, L.;
Champagne, B.; Berionni, G., Controlled Generation of 9-Boratriptycene by Lewis Adduct
Dissociation: Accessing a Non-Planar Triarylborane. Angew. Chem. Int. Ed. 2020, 59 (30),
12402-12406.

Ben Saida, A.; Chardon, A.; Osi, A.; Tumanov, N.; Wouters, J.; Adjieufack, A. L;
Champagne, B.; Berionni, G., Pushing the Lewis Acidity Boundaries of Boron Compounds
With Non-Planar Triarylboranes Derived from Triptycenes. Angew. Chem. Int. Ed. 2019, 58
(47), 16889-16893.

Grimes, R. N., Carboranes in the chemist's toolbox. Dalton Trans. 2015, 44 (13), 5939-5956.
Keener, M.; Mattejat, M.; Zheng, S.-L.; Wu, G.; Hayton, T. W.; Ménard, G., Selective
electrochemical capture and release of uranyl from aqueous alkali, lanthanide, and actinide
mixtures using redox-switchable carboranes. Chem. Sci. 2022, 13 (12), 3369-3374.

Keener, M.; Hunt, C.; Carroll, T. G.; Kampel, V.; Dobrovetsky, R.; Hayton, T. W_;
Meénard, G., Redox-switchable carboranes for uranium capture and release. Nature 2020,
577 (7792), 652-655.

Scholz, M.; Hey-Hawkins, E., Carbaboranes as Pharmacophores: Properties, Synthesis, and
Application Strategies. Chem. Rev. 2011, 111 (11), 7035-7062.

Issa, F.; Kassiou, M.; Rendina, L. M., Boron in Drug Discovery: Carboranes as Unique
Pharmacophores in Biologically Active Compounds. Chem. Rev. 2011, 111 (9), 5701-5722.
Lee, Y. H.; Lee, H. D.; Ryu, J. Y.; Lee, J.; Lee, M. H., Photophysical and Lewis acidic
properties of triarylboranes with meta-substituted 2-R-o-carboranes. J. Organomet. Chem.
2017, 846, 81-87.

Choi, B. H.; Lee, J. H.; Hwang, H.; Lee, K. M.; Park, M. H., Novel Dimeric o-Carboranyl
Triarylborane: Intriguing Ratiometric Color-Tunable Sensor via Aggregation-Induced
Emission by Fluoride Anions. Organometallics 2016, 35 (11), 1771-1777.

Song, K. C.; Kim, H.; Lee, K. M.; Lee, Y. S.; Do, Y.; Lee, M. H., Dual sensing of fluoride
ions by the o-carborane—triarylborane dyad. Dalton Trans. 2013, 42 (7), 2351-2354.

Lee, K. M.; Huh, J. O.; Kim, T.; Do, Y.; Lee, M. H., A highly Lewis acidic triarylborane
bearing peripheral o-carborane cages. Dalton Trans. 2011, 40 (44), 11758-11764.

16



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Huh, J. O.; Kim, H.; Lee, K. M.; Lee, Y. S.; Do, Y.; Lee, M. H., o-Carborane-assisted
Lewis acidity enhancement of triarylboranes. Chem. Commun. 2010, 46 (7), 1138-1140.
Yang, X.; Zheng, Z.; Knobler, C. B.; Hawthorne, M. F., "Anti-crown" chemistry: synthesis
of [9]mercuracarborand-3 and the crystal structure of its acetonitrile complexes. J. Am.
Chem. Soc. 1993, 115 (1), 193-195.

Spokoyny, A. M.; Machan, C. W.; Clingerman, D. J.; Rosen, M. S.; Wiester, M. J;
Kennedy, R. D.; Stern, C. L.; Sarjeant, A. A.; Mirkin, C. A., A coordination chemistry
dichotomy for icosahedral carborane-based ligands. Nat. Chem. 2011, 3 (8), 590-596.
Spokoyny, A. M.; Lewis, C. D.; Teverovskiy, G.; Buchwald, S. L., Extremely Electron-
Rich,  Boron-Functionalized, Icosahedral = Carborane-Based  Phosphinoboranes.
Organometallics 2012, 31 (24), 8478-8481.

Schulz, J.; Clauss, R.; Kazimir, A.; Holzknecht, S.; Hey-Hawkins, E., On the Edge of the
Known: Extremely Electron-Rich (Di)Carboranyl Phosphines. Angew. Chem. Int. Ed. 2023,
62 (14), 202218648.

Kahlert, J.; Bohling, L.; Brockhinke, A.; Stammler, H.-G.; Neumann, B.; Rendina, L. M.;
Low, P. J.; Weber, L.; Fox, M. A., Syntheses and reductions of C-dimesitylboryl-1,2-
dicarba-closo-dodecaboranes. Dalton Trans. 2015, 44 (21), 9766-9781.

Benton, A.; Watson, J. D.; Mansell, S. M.; Rosair, G. M.; Welch, A. J., The Lewis acidity
of borylcarboranes. J. Organomet. Chem. 2020, 907, 121057.

Krebs, J.; Haehnel, M.; Krummenacher, I.; Friedrich, A.; Braunschweig, H.; Finze, M.;
Ji, L.; Marder, T. B., Synthesis and Structure of an o-Carboranyl-Substituted Three-
Coordinate Borane Radical Anion. Chem. Eur. J. 2021, 27 (31), 8159-8167.

Krebs, J.; Héifner, A.; Fuchs, S.; Guo, X.; Rauch, F.; Eichhorn, A.; Krummenacher, I.;
Friedrich, A.; Ji, L.; Finze, M.; Lin, Z.; Braunschweig, H.; Marder, T. B., Backbone-
controlled LUMO energy induces intramolecular C-H activation in ortho-bis-9-
borafluorene-substituted phenyl and o-carboranyl compounds leading to novel 9,10-
diboraanthracene derivatives. Chem. Sci. 2022, 13 (47), 14165-14178.

Bischof, T.; Guo, X.; Krummenacher, I.; BeBler, L.; Lin, Z.; Finze, M.; Braunschweig,
H., Alkene insertion reactivity of a o-carboranyl-substituted 9-borafluorene. Chem. Sci.
2022, 13 (25), 7492-7497.

Bischof, T.; BeBler, L.; Krummenacher, I.; Erhard, L.; Braunschweig, H.; Finze, M.,
Construction of a Diverse Range of Boron Heterocycles via Ring Expansion of a Carboranyl-
Substituted 9-Borafluorene. Chem. Eur. J. 2023, 29 (27), €202300210.

Nguyen, M. T.; van Trang, N.; Dung, T. N.; Nguyen, H. M. T., 3.18 - Boroles. In
Comprehensive Heterocyclic Chemistry IV, Black, D. S.; Cossy, J.; Stevens, C. V., Eds.
Elsevier: Oxford, 2022; pp 833-873.

Akram, M. O.; Tidwell, J. R.; Dutton, J. L.; Wilson, D. J. D.; Molino, A.; Martin, C. D.,
Accessing Boron-Doped Pentaphene Analogues from 12-Boradibenzofluorene. Inorg.
Chem. 2022, 61 (25), 9595-9604.

Su, X.; Bartholome, T. A.; Tidwell, J. R.; Pujol, A.; Yruegas, S.; Martinez, J. J.; Martin,
C. D., 9-Borafluorenes: Synthesis, Properties, and Reactivity. Chem. Rev. 2021, 121 (7),
4147-4192.

Braunschweig, H.; Kupfer, T., Recent developments in the chemistry of antiaromatic
boroles. Chem. Commun. 2011, 47 (39), 10903-10914.

17



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

&4.

85.

86.

87.

88.

Murata, Y.; Matsunagi, K.; Kashida, J.; Shoji, Y.; Ozen, C.; Maeda, S.; Fukushima, T.,
Observation of Borane—Olefin Proximity Interaction Governing the Structure and Reactivity
of Boron-Containing Macrocycles. Angew. Chem. Int. Ed. 2021, 60 (26), 14630-14635.
Yang, W.; Krantz, K. E.; Dickie, D. A.; Molino, A.; Wilson, D. J. D.; Gilliard Jr., R. J.,
Crystalline BP-Doped Phenanthryne via Photolysis of The Elusive Boraphosphaketene.
Angew. Chem. Int. Ed. 2020, 59 (10), 3971-3975.

Kashida, J.; Shoji, Y.; Fukushima, T., Synthesis and Reactivity of Cyclic Borane-Amidine
Conjugated Molecules Formed by Direct 1,2-Carboboration of Carbodiimides with 9-
Borafluorenes. Chem. Asian J. 2019, 14 (10), 1879-1885.

Bartholome, T. A.; Bluer, K. R.; Martin, C. D., Successive carbene insertion into 9-phenyl-
9-borafluorene. Dalton Trans. 2019, 48 (19), 6319-6322.

Zhang, W.; Li, G;; Xu, L; Zhuo, Y.; Wan, W.; Yan, N.; He, G., 9,10-
Azaboraphenanthrene-containing small molecules and conjugated polymers: synthesis and
their application in chemodosimeters for the ratiometric detection of fluoride ions. Chem.
Sci. 2018, 9 (19), 4444-4450.

Yruegas, S.; Martinez, J. J.; Martin, C. D., Intermolecular insertion reactions of azides into
9-borafluorenes to generate 9,10-B,N-phenanthrenes. Chem. Commun. 2018, 54 (50), 6808-
6811.

Yruegas, S.; Barnard, J. H.; Al-Furaiji, K.; Dutton, J. L.; Wilson, D. J. D.; Martin, C. D.,
Boraphosphaalkene Synthesis via Phosphaalkyne Insertion into 9-Borafluorene.
Organometallics 2018, 37 (10), 1515-1518.

Shoji, Y.; Shigeno, N.; Takenouchi, K.; Sugimoto, M.; Fukushima, T., Mechanistic Study
of Highly Efficient Direct 1,2-Carboboration of Alkynes with 9-Borafluorenes. Chem. Eur.
J. 2018, 24 (50), 13223-13230.

Bluer, K. R.; Laperriere, L. E.; Pujol, A.; Yruegas, S.; Adiraju, V. A. K.; Martin, C. D.,
Coordination and Ring Expansion of 1,2-Dipolar Molecules with 9-Phenyl-9-borafluorene.
Organometallics 2018, 37 (17), 2917-2927.

Shoji, Y.; Tanaka, N.; Muranaka, S.; Shigeno, N.; Sugiyama, H.; Takenouchi, K.; Hajjaj,
F.; Fukushima, T., Boron-mediated sequential alkyne insertion and C—C coupling reactions
affording extended m-conjugated molecules. Nat. Commun. 2016, 7 (1), 12704.

Zhang, C.; Wang, J.; Lin, Z.; Ye, Q., Synthesis, Characterization, and Properties of Three-
Dimensional Analogues of 9-Borafluorenes. Inorg. Chem. 2022, 61 (45), 18275-18284.
Diab, M.; Jaiswal, K.; Bawari, D.; Dobrovetsky, R., The Chemistry of [1,1'-bis(o-
Carboranyl)|Borane n?-c-Silane Adduct. Isr. J. Chem. 2023, €202300010.

Yruegas, S.; Axtell, J. C.; Kirlikovali, K. O.; Spokoyny, A. M.; Martin, C. D., Synthesis
of 9-borafluorene analogues featuring a three-dimensional 1,1'-bis(o-carborane) backbone.
Chem. Commun. 2019, 55 (20), 2892-2895.

Miiller, L. O.; Himmel, D.; Stauffer, J.; Steinfeld, G.; Slattery, J.; Santiso-Quifiones, G.;
Brecht, V.; Krossing, I, Simple Access to the Non-Oxidizing Lewis Superacid
PhF—AI(ORF)3 (RF=C(CF5)3). Angew. Chem. Int. Ed. 2008, 47 (40), 7659-7663.

Greb, L., Lewis Superacids: Classifications, Candidates, and Applications. Chem. Eur. J.
2018, 24 (68), 17881-17896.

Zhang, C.; Liu, X.; Wang, J.; Ye, Q., A Three-Dimensional Inorganic Analogue of 9,10-
Diazido-9,10-Diboraanthracene: A Lewis Superacidic Azido Borane with Reactivity and
Stability. Angew. Chem. Int. Ed. 2022, 61 (36), €202205506.

18



&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Zhang, C.; Wang, J.; Su, W.; Lin, Z.; Ye, Q., Synthesis, Characterization, and Density
Functional Theory Studies of Three-Dimensional Inorganic Analogues of 9,10-
Diboraanthracene—A New Class of Lewis Superacids. J. Am. Chem. Soc. 2021, 143 (23),
8552-8558.

Wei, Y.; Wang, J.; Yang, W.; Lin, Z.; Ye, Q., Boosting Ring Strain and Lewis Acidity of
Borirane: Synthesis, Reactivity and Density Functional Theory Studies of an Uncoordinated
Arylborirane Fused to o-Carborane. Chem. Eur. J. 2023, 29 (5), €202203265.

Zhang, H.; Wang, J.; Yang, W.; Xiang, L.; Sun, W.; Ming, W.; Li, Y.; Lin, Z.; Ye, Q.,
Solution-Phase Synthesis of a Base-Free Benzoborirene and a Three-Dimensional Inorganic
Analogue. J. Am. Chem. Soc. 2020, 142 (41), 17243-17249.

Akram, M. O.; Tidwell, J. R.; Dutton, J. L.; Martin, C. D., Tris(ortho-carboranyl)borane:
An Isolable, Halogen-Free, Lewis Superacid. Angew. Chem. Int. Ed. 2022, 61 (46),
€202212073.

Akram, M. O.; Tidwell, J. R.; Dutton, J. L.; Martin, C. D., Bis(1-methyl-ortho-
carboranyl)borane. ChemRxiv. 2023, DOI: 10.26434/chemrxiv-2023-rzptv.

Jupp, A. R.; Johnstone, T. C.; Stephan, D. W., The global electrophilicity index as a metric
for Lewis acidity. Dalton Trans. 2018, 47 (20), 7029-7035.

Patrick, E. A.; Piers, W. E., Twenty-five years of bis-pentafluorophenyl borane: a versatile
reagent for catalyst and materials synthesis. Chem. Commun. 2020, 56 (6), 841-853.

Parks, D. J.; Piers, W. E.; Yap, G. P. A., Synthesis, Properties, and Hydroboration Activity
of the Highly Electrophilic Borane Bis(pentafluorophenyl)borane, HB(CgFs)2!.
Organometallics 1998, 17 (25), 5492-5503.

Parks, D. J.; von H. Spence, R. E.; Piers, W. E., Bis(pentafluorophenyl)borane: Synthesis,
Properties, and Hydroboration Chemistry of a Highly Electrophilic Borane Reagent. Angew.
Chem. Int. Ed. Engl. 1995, 34 (7), 809-811.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H. L., X.; Caricato, M.;
Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H.
P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F. L., F.;
Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski,
V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K_;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Throssell, K.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.
J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi,
J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin,
R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J., Gaussian, Inc., Wallingford
CT, 2016.

Becke, A. D., Density-functional exchange-energy approximation with correct asymptotic
behavior. Phys. Rev. A 1988, 38 (6), 3098-3100.

Perdew, J. P., Density-functional approximation for the correlation energy of the
inhomogeneous electron gas. Phys. Rev. B 1986, 33 (12), 8822-8824.

Perdew, J. P., Erratum: Density-functional approximation for the correlation energy of the
inhomogeneous electron gas. Phys. Rev. B 1986, 34 (10), 7406-7406.

Schéfer, A.; Horn, H.; Ahlrichs, R., Fully optimized contracted Gaussian basis sets for atoms
Lito Kr. J. Chem. Phys. 1992, 97 (4), 2571-2577.

19



103.

104.

105.

106.

107.

108.

109.

Becke, A. D., Density-functional thermochemistry. III. The role of exact exchange. J. Chem.
Phys. 1993, 98 (7), 5648-5652.

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J., Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force
Fields. J. Phys. Chem. 1994, 98 (45), 11623-11627.

Weigend, F.; Ahlrichs, R., Balanced basis sets of split valence, triple zeta valence and
quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Phys. Chem.
Chem. Phys. 2005, 7 (18), 3297-3305.

Jupp, A. R.; Johnstone, T. C.; Stephan, D. W., Improving the Global Electrophilicity Index
(GEI) as a Measure of Lewis Acidity. Inorg. Chem. 2018, 57 (23), 14764-14771.

Weigend, F., Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys.
20006, 8 (9), 1057-1065.

Zapf, L.; Riethmann, M.; Fohrenbacher, S. A.; Finze, M.; Radius, U., An easy-to-perform
evaluation of steric properties of Lewis acids. Chem. Sci. 2023, 14 (9), 2275-2288.
Falivene, L.; Cao, Z.; Petta, A.; Serra, L.; Poater, A.; Oliva, R.; Scarano, V.; Cavallo, L.,
Towards the online computer-aided design of catalytic pockets. Nat. Chem. 2019, 11 (10),
872-879.

20



