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Abstract: The synthesis of tris(ortho-carboranyl)borane
(BoCb;), a single site neutral Lewis superacid, in one
pot from commercially available materials is achieved.
The high fluoride ion affinity (FIA) confirms its
classification as a Lewis superacid and the Gutmann-
Beckett method as well as adducts with Lewis bases
indicate stronger Lewis acidity over the widely used
fluorinated aryl boranes. The electron withdrawing
effect of ortho-carborane and lack of pi-delocalization of
the LUMO rationalize the unusually high Lewis acidity.
Catalytic studies indicate that BoCb; is a superior
catalyst for promoting C-F bond functionalization
reactions than tris(pentafluorophenyl)borane [B(C4Fs);].

J

Boranes are useful Lewis acids in stoichiometric and
catalytic reactions by taking advantage of the vacant p-
orbital."! Boron trihalides (BX;; X=F, Cl, Br) are ubig-
uitous examples; however, their volatile nature and labile
B—X bonds make them incompatible with many substrates
that limits their utility. In this regard,
tris(pentafluorophenyl)borane [B(C4Fs);, Figure 1], became
a standout borane due to excellent thermal stability and
functional group tolerance which led to its widespread use
as a Lewis acid reagent and catalyst.”! Although B(CFs); is
a useful Lewis acid, its’ fluoride ion affinity (FIA) is less
than the defined benchmark Lewis superacid (LSA),
SbFs.P4 In fact, reports on single-sitt LSA boranes are
scarce and accessing new species with different acidity or
steric profiles could lead to altered reactivity and selectivity
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in stoichiometric or catalytic reactions. Although there have
been efforts directed at isolating boron based Lewis super-
acids, most of the methods involve modifications on the
substitution of the aryl group on triarylboranes.”® This
strategy was effective in achieving LSA for B(p-CF;-C¢F,);
while other fluoride loading approaches fell short of the
LSA criterion.”! The increased FIA of B(p-CF;-C¢F,),
results in greater catalytic activity in C—H perfluoroalkyla-
tion and perfluoroarylation reactions compared to
B(CFs):.[*! Incorporating the boron center within an anti-
aromatic heterocycle results in compounds with high Lewis
acidity based on Gutmann-Beckett acceptor numbers, or
high FIAs, but their reactive B—C bonds limits application in
synthesis.”® Fluorinated alkyloxy-boranes, boron pseudo-
halides [B(ORF),, RF=—CF,, —TeFs, —SO,CF;], and per-
fluoroalkyl-boranes are known and believed to be LSAs;
however, they are thermally unstable with the latter only
generated as fleeting species./”!”! Chlorination approaches in
triarylboranes have been extensively studied with little
success.!!! Gabbai and co-workers applied a different
approach, appending cationic substituents (trialkylammo-
nium, sulfonium, and phosphonium) on aryl boranes as an
alternative electron withdrawing group to generate a class of
cationic Lewis acids with high FIAs.'” Recently, Berionni
and co-workers achieved remarkable FIAs with rigid
pyramidalized boranes tethered by carbon, phosphonium
and sulfonium centers, although the free boranes were not
isolable.””

We postulated that using an unconventional electron
withdrawing group with significant steric protection could
result in the isolation of a new class of trigonal planar Lewis
acids. In the literature, carboranes'¥ offer both of these
attributes although they have been minimally explored in
this realm.">'! The C,B, carborane cluster is exceptionally
stable and the three-dimensional icosahedron presents a
sphere-like steric profile in stark contrast to flat aryl groups.
Within the C,B, carboranes, three isomers exist with each
classified based on the relative positioning of the carbon
atoms, ortho- (adjacent), meta- (one boron betwixt), and
para- (carbon atoms on opposite sides of the icosahedron).
Among these, the ortho-isomer (oCbH) has been docu-
mented as the most electron withdrawing if C-bound. This
hypothesis is supported by a report of borole analogues
featuring a bis(ortho-carborane) backbone in which the o-
carborane engendered significantly higher Lewis acidity
than the biphenyl variant.'”! A notable advancement in this
realm was the preparation of anthracene analogues by Ye
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Tris(pentafluorophenyl)borane = Known fluorine-loaded Lewis superacidic boranes
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This work: Halogen-free Lewis super-
acidic borane
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=CF;, TeF5, SO,CF3 tris(ortho-carboranyl)borane [BoCbg]

Figure 1. Tris (pentafluorophenyl)borane, isolable single-site neutral boron Lewis superacids (LSAs) in the literature and feature complex, tris(ortho-

carboranyl)borane (oCb=ortho-carborane, C,B,,H;;).

and co-workers in which the boron centers are bridging two
ortho-carboranes.'¥ In these species, LSA is achieved but
the halides or azides present on the boron center are
reactive and these fall into the category of dual site LSAs.I"!
In contrast to aryl or fluoroaryl boranes, the carborane
cluster is likely unable to delocalize the LUMO, primarily a
p-orbital on boron. We herein report the synthesis of BoCbs
in one pot which represents an isolable, halogen-free,

1) 1.0 nBuLi, C,Hg N\
D/\ cH -78°Ct023°C, 16 h I G
N B 7R,
\/ CH  2)0.33 BXg,-78 °Cto D///_\\\T C‘Aﬁ
23°C, 7d WA\ HCé\\\_/%
Y
oCbH X =Cl, Br BoCh,
X = Cl, 29%
X = Br, 35%

Scheme 1. Synthesis of BoCb;. [Isolation: After the reaction was
complete, additional toluene was added and the reaction mixture
filtered through a small pad of celite and washed with dichloro-
methane. The volatiles were stripped from the combined filtrate under
vacuum and diethyl ether was added to make a suspension, which was
filtered to give pure BoCb; as white solid.]

Figure 2. Solid state structure of BoCb;. Ellipsoids depicted at the 50%
probability level and hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (°): B(1)—C(1) 1.614(8), B(1)—C(3)
1.627(7), B(1)=C(5) 1.626(8); C(1)—B(1)=C(3) 119.8(5), C(1)—B(1)—C-
C(5) 120.3(5), C(3)—B(1)—C(5) 119.9 (5).
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neutral, single-site Lewis superacid; and investigate its
properties.

The lithiation of ortho-carborane with nBuLi and
subsequent reaction with 0.33 equivalents of BCl; (1M
solution in hexanes) generated BoCb; in 29 % yield after a
work up (Scheme 1). When BBr; was used instead of BCl;,
an increased isolated yield of 35% was achieved. The
structure was confirmed by a single-crystal X-ray diffraction
study (Figure 2).”” The geometry is trigonal planar as all
C—B-C bond angles are within error of 120° and the C—B
bond lengths are slightly longer than the typical C(o-
caroborane)—B single bond in boranes species [1.614(8)-
1.627(7) A c.f ~1.58 A], which is attributed to the bulk
around the central B-atom. The downfield ''B{'H} resonance
at 67.2 ppm is assigned to the central tricoordinate boron
atom and peaks ranging from 7.4 to —12.4 ppm to the cluster
atoms. The C-H protons are the most diagnostic in the 'H
NMR spectrum and appear as a singlet at 5.02 ppm while
the corresponding carbon is observed in the “C{'"H} NMR
spectrum at 65.0 ppm and a broad peak at 69.3 ppm is
assigned to the carbon bound to the central boron.
Analytical purity was confirmed by microanalysis and the
melting point exceeds 250 °C, indicating thermal stability.

To experimentally investigate the relative Lewis acidity,
the corresponding acetonitrile [CH;CN-BoCb;] and benzal-
dehyde [PhCHO-BoCb;] adducts were prepared
(Scheme 2). In the "B NMR spectra, the peak for the
central boron atom (67.2 ppm) shifts to the tetracoordinate
region among the cluster boron peaks. The C—H resonance
of BoCb; (5.02 ppm) in the '"H NMR spectrum shifts upfield
to 4.60, and 4.77 for CH;CN-BoCb; and PhCHO-BoCb;,

1.05 CHsCN oCb,
0Cb—B~N=—CH,
CH,Cl,, 23 °C, 5 min ocB oCb :
97%, CH3CN-BoCbg
BoCb; — ///\\ c/z’z
1.05 PhCHO ococb\ o \\//
b—B=-0O4 Ph '
CHCly, 23 °C, 5 min oo boe= BH

92%, PhCHO-BoCb;

Scheme 2. Synthesis of nitrile- [CH;CN - BoCbs] and aldehyde-
[PhCHO-BoCbs] adducts of BoCbs.
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respectively. Their identities were further confirmed by
single crystal X-ray diffraction experiments (Figure 3) with
the central boron atoms adopting distorted tetrahedral
geometries. The shorter B-donor atom (O, and N) bonds in
the BoCb;-adducts compared to the corresponding
B(C4Fs);-complexes indicate higher Lewis acidity of BoCbs
[CH;CN-BoCb;: B-N 1.5679(17) A c.f CH;CN-B(C¢Fs);:
B-N 1.616(3) A; PhCHO-BoCb;: B-O 1.551(2) A, cf.
PhCHO-B(C4Fs);: B-O 1.6108(8) A].2Y Although the struc-
ture of the PhCHO-BoCb; was confirmed in the solid state,
we observed a dissociation equilibrium in solution which
could not be resolved in the 'H NMR spectrum at 25°C. The
'"H NMR spectra of BoCb; with gradient PhACHO concen-
trations at 25 °C and variable temperature studies of 1:1 and
1:1.4 molar mixtures of BoCb; and PhCHO confirm the
dissociation equilibria (see Supporting Information Figur-
es S21-823). The CN stretching frequency is often used as a
parameter to evaluate Lewis acidity. However, the CN
stretching frequencies of CH;CN-BoCb; (2363 cm™') and
CH;CN-B(C4Fs); (2367 cm ™) are within experimental error.
To find the relative Lewis acidity between BoCb; versus
B(C(Fs);, a competition study was performed to assess the
relative binding affinity of acetonitrile. When equimolar
BoCb;, B(C4Fs);, and CH;CN were mixed in CDCl,,
CH;CN-BoCb; and CH;CN-B(C¢Fs); were observed in a
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~2:1 ratio indicating higher CH;CN affinity of BoCb; over
B(C,Fs);

The Gutmann-Beckett method was applied to evaluate
the Lewis acidity of BoCb; by synthesizing Et;PO-BoCb;
(Table 1).”! The difference in *'P chemical shift (A8') of
Et;PO-BoCb; and Et;PO is 34.1 ppm, 27.5ppm, and
30.1 ppm in CgD4, CDCl;, and CD,Cl,, respectively
(Table 1).2* These differences in chemical shifts are higher
than the results obtained for B(C¢Fs); (A8*=29.7 ppm in
CDg, 23.5 ppm in CDCI; and 26.1 ppm in CD,Cl,) and those
reported for B(p-CF;-C¢F,); (A8*=31.9 ppm in C,D, and
A8*=29.0 ppm in CD,CL)."! This indicates that BoCbjs is
more Lewis acidic than B(C¢Fs); and B(p-CF;-C4F,); based
on the Gutmann-Beckett method. Also, the shorter B—O
bond in Et;PO-BoCb; [B-O 1.500(2) A] over Et;PO-
B(C¢Fs); [B-O 1.533(3) A] imply a stronger bond in the
BoCb; adduct (Figure 3).

To support the experimental observations on the high
Lewis acidity of BoCb; we undertook a variety of theoretical
analyses against benchmark strong Lewis acidic boranes,
specifically B(p-CF;-C¢F,); and B(C4Fs); (Table 2). Consid-
ered parameters include fluoride ion affinity (FIA), hydride
ion affinity (HIA), binding energy to the Lewis bases NH;
and CH;CN, Natural Population Analysis Charges, relative
LUMO energies, and finally, the Global Electrophilicity

Figure 3. Solid state structure of adducts CH;CN - BoCb;, PACHO - BoCb;, and Et;PO-BoCb; (left to right). Ellipsoids depicted at the 50% probability
level, hydrogen atoms, and solvates are omitted for clarity. Selected bond lengths (A) and angles (°) of CH,;CN-BoCby: B(1)—N(1) 1.5679(17),
N(1)—=C(7) 1.1380(18), B(1)—C(1) 1.714(2), B(1)—C(3) 1.7118(19), B(1)—C(5) 1.7143(19), B(1)—N(1)—C(7) 176.44(13); PhCHO-BoCb,: B(1)—O(1)
1.551(2), O(1)=C(7) 1.254(3), B(1)—C(1) 1.714(3), B(1)-C(3) 1.718(3), B(1)—C(5) 1.706(3); B(1)~O(1)—C(7) 134.57(18), O(1)~C(7)—C(8) 123.2(2);
Et,PO-BoCb,: B(1)=O(1) 1.500(2), O(1)—P(1) 1.5344(11), B(1)=C(1) 1.730(2), B(1)—C(3) 1.732(2), B(1)=C(5) 1.730(2); B(1)—O(1)—P(1)

177.85(11).

Table 1: Determination of the Lewis acidity of BoCb; using the Gutmann-Beckett method.?

1.00 equiv EtzPO

BR3 Et;PO-BR3
CgDg/CDCl3, 23 °C
5 min
R = oCb, CgF5

Solv. Et;PO Et;PO-BoCb, Et;PO-B(C4Fs)s Et,PO-BoCb,-Et;PO Et;PO-B(C4Fs)s-Et;PO

[® 3‘P] [® 31P] 1) 3 P] [Af)‘] [Aéz]
C¢Ds 45.7 79.6 75.4 341 29.7
CDCl, 523 79.8 75.8 27.5 235
CD,Cl, 51.0 81.1 77.1 30.1 26.1
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Table 2: Calculated thermochemical and electronic values (FIA=fluoride ion affinity, HIA=hydride ion affinity, GEl =global electrophilicity index).

Compound FIA (Krossing) HIA (Krossing) NH; affinity CH;CN affinity LUMO GEl
[AH, k) mol ] [AH, k) mol ] [AG, kjmol™] [AG, kjmol ] [eV]

BoCb; 605 622 149 89 —-3.99 4.22

B(CeFs)s 452 484 97 33 ~3.50 3.78

B(p-CF5-CeFa)s 507 537 110 51 —4.09 4.79

SbF, 493 - - - - -

BF, - 299 - - - -

Index (GEI) recently reported by Stephan and co-
workers. !

Calculations for gas phase fluoride and hydride affinities
are beset with issues in obtaining values consistent with
experiment due to the small size and hardness of the anions
and also the lack of a consistent referencing system.
Krossing and co-workers presented an isodesmic reaction
benchmarked to accurate fluoride and hydride affinities for
[(CH;);Si]" combined with inexpensive calculations using
BP86/SVP for the single point calculations for Lewis acids.””
Gas phase values for direct addition of F~ and H™ using
B3LYP-D3/def2SVP are presented in the Supporting In-
formation. Antimony pentafluoride has been established as
the threshold LSA, with a calculated fluoride ion affinity
(FIA) using Krossing’s method of 493 kImol~.”?" Using
Krossing’s method benchmarked to their result for B(C¢Fs);
at 452 kJmol™', we verified our calculations to reproduce
their result for SbFs at 493 kImol™'. The calculated FIA of
BoCb, is 605 kJmol™' and B(p-CF;-CgF,); is 501 kJ/mol,
indicating that BoCb; has a significantly higher FIA than the
other two boranes and SbF;, classifying it as a LSA. To
validate the theoretically determined high FIA, BoCb; was
reacted with [nBu,N][SbF] aiming to abstract a fluoride ion
from SbF,~. The 1:1 reaction of BoCb; and [nBu,N][SbF]
at room temperature in CDCl; resulted in consumption of
BoCb; and SbF,~ within 30 min indicating fluoride ion
abstraction based on 'H, “F{'H}, and "B{'H} NMR
spectroscopy.

For hydride ion affinities, using Krossing’s method,
anchoring to their results for B(C¢Fs); (543 kJmol™) and
BF; (299 kJmol '), again BoCb, has the largest HIA of the
considered Lewis acids at 622 kJmol'. Calculating affinities
for neutral Lewis bases (B3LYP-D3/def2SVP, gas phase),
BoCb; also has a larger affinity with a AG for the
dissociation of NH; being 149 kJmol ', compared to 110 and

97 kJmol ™ for B(p-CF;-C¢F,); and B(C¢Fs)s, respectively.
For acetonitrile, the AG for dissociation was calculated at
89 kJmol™ for BoCb;, 33kImol" for B(C¢Fs);, and
51 kJmol ™ for B(p-CF;-C¢F,);, qualitatively consistent with
the experimental observation that BoCb; outcompetes
B(C¢Fs); for acetonitrile. For all affinity calculations, the
results indicate BoCb; is the strongest Lewis acid, followed
by B(p-CF;-CF,);, then B(C¢Fs);. However, the LUMO of
B(p-CF;-C¢F,);, calculated using B3LYP-def2TZVP to give
results directly comparable to the literature,”” is 0.1eV
lower in energy than BoCb;, which also has a correspond-
ingly larger Global Electrophilicity Index at 4.79 compared
to 4.22 for BoCb;. The discrepancy between the orbital
energy difference in B(p-CF;-C¢F,); and BoCb; versus the
thermochemical Lewis acidity predictions are rationalized
by a qualitative examination of the LUMOs themselves,
depicted in Figure 4. The LUMO for BoCb; is entirely
localized on the boron atom, whereas the LUMO for B(p-
CF;-C4F,); [and also B(C4Fs);] is partially delocalized into
the arene rings. Increased localization of the LUMO of
BoCb; is also reflected in the Natural Population Charges
on the boron centers, where the central boron BoCb; carries
a positive charge of 4 1.83. The central boron atoms in B(p-
CF;-C4F,); and B(C4Fs); carry positive charges of +0.81 and
+0.78, respectively, that is likely due to the phenyl rings
ability to donate some electron density to the central atom.

The steric profiles and buried volume with respect to the
boron centers for BoCb; and B(C4Fs); were compared using
the SambVca 2.1 routine™ on the calculated optimized
structures. The z-axis was defined as perpendicular to the
BR; trigonal plane. It was found that the carborane
substituents result in greater steric demand at B with a
buried volume of 92.2% compared to a buried volume of
83.5 % for B(C4Fs);.

Figure 4. Depictions of the LUMO for BoCb;, B(C4Fs);, and B(p-CF;-C4F,); [from left to right, B3LYP/def2TZVP calculations]
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Next, we evaluated BoCb; as a Lewis acid in catalytic
transformations. The abnormally high fluoride ion affinity
encouraged us to explore it as a catalyst in C—F bond
activation reactions.” The catalytic functionalization of
C—F bonds is challenging given that C—F is the strongest
carbon single bond. To check the efficacy of BoCbs;, we
attempted a model hydrodefluorination®® reaction of 1-
fluoroadamantane (1-F—Ad) and triethylsilane. To our de-
light, when one equivalent of 1-F-Ad was treated with 1.1
equivalents of HSiEt; in the presence of 0.5 mol% BoCb; in
CDCl; at 23°C for 10 minutes, the reduction product,
adamantane (Ad) was obtained in quantitative yield (>97 %
yield by NMR spectroscopy) along with FSiEt; as the side
product (Table 3, entry 1). Interestingly, when 0.5 mol%
B(C¢Fs); was employed (entry2), adamantane (Ad), was
only generated in 60 % yield based on NMR spectroscopy,
along with unreacted starting materials (Table 3, entry 1).
Longer reaction times did not change the outcome. How-
ever, Stephan and co-workers showed that B(C.Fs); can
undergo the same transformation but in a tenfold increase in
catalyst loading (5 mol%).*" It is known that B(CFs), reacts
with HSiEt; upon heating to give HB(C(Fs), (Piers’
borane) but surprisingly, BoCbs is unreactive with HSiEt;
ruling out the possibility of HBoCb, being the active
catalyst.”” When BoCb; was reacted with 1-F-Ad, both
starting materials were consumed resulting in a complex
mixture based on 'H, “F{'H}, and "B{'H} NMR spectro-
scopy. This suggests that fluoride abstraction is the first step
in the mechanism of the catalytic transformation.*”!

Friedel-Crafts reactions of 1-F-Ad were also investi-
gated. When 1-F-Ad was reacted with benzene in the
presence of 1 mol% BoCb;, 1-Ph-Ad was obtained in 90 %
isolated yield after 30 min (Table 3, entry 3). Interestingly,
when B(C4Fs); was employed in the same transformation,
we did not observe any product formation even after 4 h
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(entry3 and 4). Moran and co-workers reported a
H,0-B(C4Fs);-catalyzed Friedel-Crafts reaction of 1-F-Ad
but highly electron rich arenes and specific solvent combina-
tions were required to enable the reaction.®¥ The analogous
transformation with toluene and m-xylene provides the
corresponding products 1-Tol-Ad (entry 5) in 72 % isolated
yield (20:3 p-:m- isomeric ratio), and 1-Xyl-Ad selectively
(entry 6) in 92% yield. The improved outcome in the
reactions of BoCb; over B(C¢Fs); is attributed to its higher
FIA and Lewis acidity. The catalytic hydrosilylation
reaction® of benzaldehyde with triethylsilane (1:1 PhCHO
and HSIEt; in presence of 5 mol% BoCb; in CDCl;) formed
a mixture of the hydrosilylation product PhCH,OSiEt; and
dialkyl ether (PhCH,),O in 52% and 36 % yield by NMR
spectroscopy at room temperature after 24 h.”

In summary, the halogen-free thermally stable borane,
tris(ortho-carboranyl)borane, is accessed from three conven-
ient reagents: ortho-carborane, nBuLi, and BBr;. Calculated
fluoride ion affinities reveal the Lewis acidity greatly
exceeds SbFs; making it a rare example of a Lewis super-
acidic borane. Theoretical binding studies comparing BoCb;
to the state-of-the-art fluoroarylborane Lewis acids,
B(C¢F;5); and B(p-CF;-C¢F,);, reveal fluoride and hydride
ion affinities as well as Lewis base affinities of ammonia and
acetonitrile are all the highest for BoCb;. Experimentally, a
competition study in solution with acetonitrile and one
equivalent of BoCb; and B(C4Fs); corroborate preference
for binding BoCb;. In the solid state, X-ray diffraction data
from benzaldehyde, acetonitrile and triethylphosphine oxide
adducts all validate stronger binding to BoCb; than
B(C¢Fs);. In solution, Gutmann-Beckett studies indicate the
Lewis acidity of BoCb; exceeds the literature values for
B(C¢Fs); and B(p-CF;-C¢F,);. The high FIA can be taken
advantage of in catalytic C—F bond activation reactions of
unactivated alkyl fluorides by reduction with triethylsilane

Table 3: Reactions of 1-fluoroadamantane (0.1 mmol) in the presence of borane catalysts.

E- Nu
condltlons

1-F-Ad

I

1-Nu-Ad

@E 5L

1-Ph-Ad 1-Tol-Ad 1-Xyl-Ad
p— m- |somer
Entry “Conditions” Product (1-Nu-Ad) Yield
1 1.1 equiv HSiEt;, 0.5 mol% BoCbs,, Ad >97 %W
CDCl; (1 mL), 23°C, 10 min
2 1.1 equiv HSiEt;, 0.5 mol% B(C¢Fs)s, Ad 60 %"
CDCly (1 mL), 23°C, 30 min
3 1 mol% BoCbs, C¢Hg (2 mL), 23°C, 30 min 1-Ph-Ad 90 %!
4 1 mol% B(CgFs)s, CHeg (2 mL), 23°C, 4 h 1-Ph-Ad NR
5 1 mol% BoCb;, C;H, (2 mL), 23°C, 30 min 1-Tol-Ad 72%"
6 1 mol% BoCb,, m-Xylene (2 mL), 23°C, 30 min 1-Xyl-Ad 929%

[a] Yields are determined by NMR spectroscopy using 1-bromo-4-fluorobenzene as an internal standard. [b] Isolated yields. [c] NR=No reaction.
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and C—C bond forming Friedel-Crafts reactions with arenes.
In this disclosure of BoCb;, we merely touch on the
potential of this reagent and catalyst. Given the powerful
Lewis acidity and unusual steric profile, it offers unique
synthetic opportunities in boron mediated transformations.

Acknowledgements

We are grateful to Baylor University, the Welch Foundation
(Grant No. AA-1846), the National Science Foundation
(Award No. 1753025), and the Australian Research Council
(FT16010007, DP20010013) for their support of this work.
Allocation of computing resources from La Trobe Univer-
sity are acknowledged. We thank Tyler Bartholome for
preliminary studies. We appreciate the gift of ortho-carbor-
ane used in this study from the late F. Gordon A. Stone
[inventor of B(C¢Fs);], Bruce Hodson, and Thomas
McGrath. Xianzhong Xu is thanked for assistance with
NMR spectroscopic experiments.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Boranes - Boron - Carboranes - Fluoride lon
Affinity - Lewis Acids

[1] a) D. Willcox, R. L. Melen, Trends Chem. 2019, 1, 625-626;
b) B. Rao, R. Kinjo, Chem. Asian J. 2018, 13, 1279-1292;
c)J. W.B. Fyfe, A.J. B. Watson, Chem 2017, 3, 31-55; d) M.
Hatano, K. Ishihara, in Boron Reagents in Synthesis, Vol. 1236,
American Chemical Society, Washington, DC, 2016, pp. 27-66;
e) D.S. Matteson, in Stereodirected Synthesis with Organo-
boranes (Ed.: D.S. Matteson), Springer, Berlin, Heidelberg,
1995, pp. 1-20; f) L. Deloux, M. Srebnik, Chem. Rev. 1993, 93,
763-784.

a) G. Kumar, S. Roy, 1. Chatterjee, Org. Biomol. Chem. 2021,
19, 1230-1267; b)J.L. Carden, A. Dasgupta, R.L. Melen,
Chem. Soc. Rev. 2020, 49, 1706-1725; c) T. Hackel, N. A.
McGrath, Molecules 2019, 24, 432; d)J.R. Lawson, R.L.
Melen, Inorg. Chem. 2017, 56, 8627-8643; ¢) D. W. Stephan, G.
Erker, Angew. Chem. Int. Ed. 2015, 54, 6400-6441; Angew.
Chem. 2015, 127, 6498-6541; f) D. W. Stephan, Acc. Chem.
Res. 2015, 48, 306-316; g) D. W. Stephan, J. Am. Chem. Soc.
2015, 137, 10018-10032; h) R. L. Melen, Chem. Commun. 2014,
50, 1161-1174; i) D. W. Stephan, in Catalysis without Precious
Metals, Wiley-VCH, Weinheim, 2010, pp.261-275; j) D. W.
Stephan, G. Erker, Angew. Chem. Int. Ed. 2010, 49, 46-76;
Angew. Chem. 2010, 122, 50-81; k) G. Erker, Dalton Trans.
2005, 1883-1890; 1) W. E. Piers, in Advances in Organometallic
Chemistry, Vol. 52, Academic Press, San Diego, 2004, pp. 1-76;
m) W. E. Piers, T. Chivers, Chem. Soc. Rev. 1997, 26, 345-354.
[3] L. Greb, Chem. Eur. J. 2018, 24, 17881-17896.

[2

—

Angew. Chem. Int. Ed. 2022, 61, €202212073 (6 of 7)

Research Articles

Angewandte

intemationaldition’y) Chemie

[4] L. O. Miiller, D. Himmel, J. Stauffer, G. Steinfeld, J. Slattery,
G. Santiso-Quifiones, V. Brecht, 1. Krossing, Angew. Chem.
Int. Ed. 2008, 47, 7659-7663; Angew. Chem. 2008, 120, 7772—
7776.

[5] L. A. Korte, J. Schwabedissen, M. Soffner, S. Blomeyer, C. G.
Reuter, Y.V. Vishnevskiy, B. Neumann, H.-G. Stammler,
N. W. Mitzel, Angew. Chem. Int. Ed. 2017, 56, 8578-8582;
Angew. Chem. 2017, 129, 8701-8705.

[6] M. Nagase, Y. Kuninobu, M. Kanai, J. Am. Chem. Soc. 2016,
138, 6103-6106.

[7] a) A. Y. Houghton, V.A. Karttunen, W.E. Piers, H. M.

Tuononen, Chem. Commun. 2014, 50, 1295-1298; b) A.Y.

Houghton, J. Hurmalainen, A. Mansikkaméki, W. E. Piers,

H. M. Tuononen, Nat. Chem. 2014, 6, 983-988; c) A. Fukazawa,

J. L. Dutton, C. Fan, L. G. Mercier, A. Y. Houghton, Q. Wu,

W. E. Piers, M. Parvez, Chem. Sci. 2012, 3, 1814-1818; d) C.

Fan, W. E. Piers, M. Parvez, Angew. Chem. Int. Ed. 2009, 48,

2955-2958; Angew. Chem. 2009, 121, 2999-3002; e) P. A.

Chase, P. E. Romero, W. E. Piers, M. Parvez, B. O. Patrick,

Can. J. Chem. 2005, 83, 2098-2105; f) P. A. Chase, W. E. Piers,

B. O. Patrick, J. Am. Chem. Soc. 2000, 122, 12911-12912.

a) X. Su, T. A. Bartholome, J. R. Tidwell, A. Pujol, S. Yruegas,

J. J. Martinez, C. D. Martin, Chem. Rev. 2021, 121, 4147-4192;

b) H. Braunschweig, T. Kupfer, Chem. Commun. 2011, 47,

10903-10914; c) J. H. Barnard, S. Yruegas, K. Huang, C.D.

Martin, Chem. Commun. 2016, 52, 9985-9991; d) H. Braunsch-

weig, I. Krummenacher, J. Wahler, in Advances in Organo-

metallic Chemistry, Vol. 61 (Eds.: A.F. Hill, M.J. Fink),

Academic Press, San Diego, 2013, pp. 1-53.

a) H. P. A. Mercier, M. D. Moran, G.J. Schrobilgen, C. Stein-

berg, R. J. Suontamo, J. Am. Chem. Soc. 2004, 126, 5533-5548,;

b) G. A. Olah, O. Farooq, S. M. F. Farnia, J. A. Olah, J. Am.

Chem. Soc. 1988, 110, 2560-2565; c) G. A. Olah, K. Laali, O.

Farooq, J. Org. Chem. 1984, 49, 4591-4594; d) A. Engelbrecht,

E. Tschager, Z. Anorg. Allg. Chem. 1977, 433, 19-25; e)F.

Sladky, H. Kropshofer, O. Leitzke, J. Chem. Soc. Chem.

Commun. 1973, 134-135; f) D.E. Young, L.R. Anderson,

W. B. Fox, Inorg. Chem. 1971, 10, 2810-2812.

[10] a) N. Y. Adonin, V. V. Bardin, U. Floérke, H.J. Fron, Russ. J.
Gen. Chem. 2011, 81, 509; b) M. Gerken, G. Pawelke, E.
Bernhardt, H. Willner, Chem. Eur. J. 2010, 16, 7527-7536;
c) M. Finze, E. Bernhardt, H. Willner, Angew. Chem. Int. Ed.
2007, 46, 9180-9196; Angew. Chem. 2007, 119, 9340-9357; d) A.
Terheiden, E. Bernhardt, H. Willner, F. Aubke, Angew. Chem.
Int. Ed. 2002, 41, 799-801; Angew. Chem. 2002, 114, 823-825;
e) M. Finze, E. Bernhardt, A. Terheiden, M. Berkei, H.
Willner, D. Christen, H. Oberhammer, F. Aubke, J. Am.
Chem. Soc. 2002, 124, 15385-15398; f) G. Pawelke, H. Biirger,
Appl. Organomet. Chem. 1996, 10, 147-174; g) G. Pawelke, J.
Fluorine Chem. 1995, 73, 51-55; h) A. Ansorge, D. J. Brauer,
H. Biirger, B. Krumm, G. Pawelke, J. Organomet. Chem. 1993,
446, 25-35; i) D.J. Brauer, H. Biirger, F. Dorrenbach, B.
Krumm, G. Pawelke, W. Weuter, J. Organomet. Chem. 1990,
385,161-172.

[11] a) R.J. Blagg, G. G. Wildgoose, RSC Adv. 2016, 6, 42421—
42427; b) R.J. Blagg, T.R. Simmons, G.R. Hatton, J. M.
Courtney, E.L. Bennett, E.J. Lawrence, G. G. Wildgoose,
Dalton Trans. 2016, 45, 6032-6043; c) A. Gyomore, M. Bakos,
T. Foldes, 1. Papai, A. Domjan, T. Sods, ACS Catal. 2015, 5,
5366-5372; d) M. J. Kelly, R. Tirfoin, J. Gilbert, S. Aldridge, J.
Organomet. Chem. 2014, 769, 11-16; e)H. Zhao, J. H.
Reibenspies, F. P. Gabbai, Dalton Trans. 2013, 42, 608-610;
f) A. E. Ashley, T.J. Herrington, G. G. Wildgoose, H. Zaher,
A.L. Thompson, N. H. Rees, T. Krdamer, D. O’Hare, J. Am.
Chem. Soc. 2011, 133, 14727-14740.

[12] a) K. C. Song, K. M. Lee, N. V. Nghia, W.Y. Sung, Y. Do,
M. H. Lee, Organometallics 2013, 32, 817-823; b) Y. Kim, F. P.

—
0
—_

—
\O
[

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95UD17 SUOLIWIOD aAIERID 9|gedl|dde au Aq paussnob aJe Sajoile YO ‘8sn J0 Sajni Jo) Aeig1 8UljUQ 8|1/ UO (SUOTIPUOD-PUe-SULIS)L0D A8 1M Afelq 1jpuluo//Sdy) SUONIPUOD PUe SWiB 1 8y} 8eS *[zZ0z/2T/L0] Uo Arigiyauliuo A ‘Areiqi] AlseAlun aqoi L e Aq £202T2Z0Z 91Ue/Z00T 0T/I0p/L0D" A8 Im Alelq 1 jpui|uoy/:sdiy Wolj pepeojumod ‘o ‘2202 ‘ELLETEST



GDCh
~~

Gabbai, J. Am. Chem. Soc. 2009, 131, 3363-3369; c) T. W.
Hudnall, C.-W. Chiu, F. P. Gabbai, Acc. Chem. Res. 2009, 42,
388-397; d) Y. Kim, H. Zhao, F. P. Gabbai, Angew. Chem. Int.
Ed. 2009, 48, 4957-4960; Angew. Chem. 2009, 121, 5057-5060;
e) C.-W. Chiu, Y. Kim, F. P. Gabbai, J. Am. Chem. Soc. 2009,
131, 60-61; f) T. W. Hudnall, Y.-M. Kim, M. W. P. Bebbington,
D. Bourissou, F.P. Gabbai, J. Am. Chem. Soc. 2008, 130,
10890-10891; g) T. W. Hudnall, F. P. Gabbai, J. Am. Chem.
Soc. 2007, 129, 11978-11986.

[13] a) A. Osi, D. Mahaut, N. Tumanov, L. Fusaro, J. Wouters, B.
Champagne, A. Chardon, G. Berionni, Angew. Chem. Int. Ed.
2022, 61, €202112342; Angew. Chem. 2022, 134, ¢202112342;
b) A. Chardon, A. Osi, D. Mahaut, T.-H. Doan, N. Tumanov,
J. Wouters, L. Fusaro, B. Champagne, G. Berionni, Angew.
Chem. Int. Ed. 2020, 59, 12402-12406; Angew. Chem. 2020, 132,
12502-12506; c) A. Ben Saida, A. Chardon, A. Osi, N.
Tumanov, J. Wouters, A.I. Adjieufack, B. Champagne, G.
Berionni, Angew. Chem. Int. Ed. 2019, 58, 16889-16893;
Angew. Chem. 2019, 131, 17045-17049.

[14] a) S. P. Fisher, A. W. Tomich, S. O. Lovera, J. F. Kleinsasser, J.
Guo, M. J. Asay, H. M. Nelson, V. Lavallo, Chem. Rev. 2019,
119, 8262-8290; b) R. N. Grimes, Dalton Trans. 2015, 44, 5939-
5956; ¢) C. Douvris, J. Michl, Chem. Rev. 2013, 113, PR179-
PR233; d) M. Scholz, E. Hey-Hawkins, Chem. Rev. 2011, 111,
7035-7062; e) F. Issa, M. Kassiou, L. M. Rendina, Chem. Rev.
2011, 711, 5701-5722; ) B. Stibr, Chem. Rev. 1992, 92, 225-250.

[15] a) Y.H. Lee, H.D. Lee, J. Y. Ryu, J. Lee, M. H. Lee, J.
Organomet. Chem. 2017, 846, 81-87; b) K. C. Song, H. Kim,
K.M. Lee, Y.S. Lee, Y. Do, M. H. Lee, Dalton Trans. 2013,
42, 2351-2354; c) K. M. Lee, J. O. Huh, T. Kim, Y. Do, M. H.
Lee, Dalton Trans. 2011, 40, 11758-11764; d)J. O. Huh, H.
Kim, K. M. Lee, Y. S. Lee, Y. Do, M. H. Lee, Chem. Commun.
2010, 46, 1138-1140.

[16] a)J. Wang, P. Jia, W. Sun, Y. Wei, Z. Lin, Q. Ye, Inorg. Chem.
2022, 61, 8879-8886; b) J. Krebs, M. Haehnel, I. Krummenach-
er, A. Friedrich, H. Braunschweig, M. Finze, L. Ji, T.B.
Marder, Chem. Eur. J. 2021, 27, 8159-8167; c) H. Wang, J.
Zhang, Z. Xie, Chem. Sci. 2021, 12, 13187-13192; d) H. Wang,
J. Zhang, J. Yang, Z. Xie, Angew. Chem. Int. Ed. 2021, 60,
19008-19012; Angew. Chem. 2021, 133, 19156-19160; e) Y. Liu,
W. Dong, Z. H. Li, H. Wang, Chem 2021, 7, 1843-1851; f) H.
Zhang, J. Wang, W. Yang, L. Xiang, W. Sun, W. Ming, Y. Li,
Z.Lin, Q. Ye, J. Am. Chem. Soc. 2020, 142, 17243-17249; g) A.
Benton, J.D. Watson, S. M. Mansell, G.M. Rosair, A.]J.
Welch, J. Organomet. Chem. 2020, 907, 121057; h) S. Yruegas,
J. C. Axtell, K. O. Kirlikovali, A. M. Spokoyny, C. D. Martin,
Chem. Commun. 2019, 55, 2892-2895; i) Y. Liu, B. Su, W.
Dong, Z. H. Li, H. Wang, J. Am. Chem. Soc. 2019, 141, 8358—
8363; j) H. Wang, J. Zhang, Z. Xie, Angew. Chem. Int. Ed.
2017, 56, 9198-9201; Angew. Chem. 2017, 129, 9326-9329; k) J.
Kahlert, L. Bohling, A. Brockhinke, H.-G. Stammler, B.
Neumann, L. M. Rendina, P.J. Low, L. Weber, M. A. Fox,
Dalton Trans. 2015, 44, 9766-9781.

Research Articles

Angewandte

intemationaldition’y) Chemie

[17] T. Bischof, X. Guo, I. Krummenacher, L. BeSler, Z. Lin, M.
Finze, H. Braunschweig, Chem. Sci. 2022, 13, 7492-7497.

[18] a) C. Zhang, X. Liu, J. Wang, Q. Ye, Angew. Chem. Int. Ed.
2022, 61, €202205506; Angew. Chem. 2022, 134, ¢202205506;
b) C. Zhang, J. Wang, W. Su, Z. Lin, Q. Ye, J. Am. Chem. Soc.
2021, 743, 8552-8558.

[19] a) P. A. Chase, L. D. Henderson, W. E. Piers, M. Parvez, W.
Clegg, M. R.J. Elsegood, Organometallics 2006, 25, 349-357;
b) S. P. Lewis, L. D. Henderson, B. D. Chandler, M. Parvez,
W. E. Piers, S. Collins, J. Am. Chem. Soc. 2005, 127, 46-47,
c)S.P. Lewis, N.J. Taylor, W. E. Piers, S. Collins, J. Am.
Chem. Soc. 2003, 125, 14686-14687; d) V. C. Williams, W. E.
Piers, W. Clegg, M. R. J. Elsegood, S. Collins, T. B. Marder, J.
Am. Chem. Soc. 1999, 121, 3244-3245.

[20] Deposition Numbers 2191393 (for BoCb;), 2191394 (for
CH;CN-BoCbs), 2191395 (for PhACHO-BoCbs), and 2191396
(for Et;PO-BoCb;) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.

[21] a) H. Jacobsen, H. Berke, S. Doring, G. Kehr, G. Erker, R.
Frohlich, O. Meyer, Organometallics 1999, 18, 1724-1735;
b) D.J. Parks, W.E. Piers, M. Parvez, R. Atencio, M.]J.
Zaworotko, Organometallics 1998, 17, 1369-1377.

[22] See Supporting Information for details.

[23] L. B. Sivaev, V. 1. Bregadze, Coord. Chem. Rev. 2014, 270-271,
75-88.

[24] U. Mayer, V. Gutmann, W. Gerger, Monatsh. Chem. 1975, 106,
1235-1257.

[25] M. A. Beckett, D.S. Brassington, S.J. Coles, M. B. Hurst-
house, Inorg. Chem. Commun. 2000, 3, 530-533.

[26] A.R. Jupp, T.C. Johnstone, D. W. Stephan, Dalton Trans.
2018, 47, 7029-7035.

[27] H. Bohrer, N. Trapp, D. Himmel, M. Schleep, I. Krossing,
Dalton Trans. 2015, 44, 7489-7499.

[28] L. Falivene, Z. Cao, A. Petta, L. Serra, A. Poater, R. Oliva, V.
Scarano, L. Cavallo, Nat. Chem. 2019, 11, 872-879.

[29] a) H.-J. Ai, X. Ma, Q. Song, X.-F. Wu, Sci. China Chem. 2021,
64, 1630-1659; b) T. Stahl, H. F. T. Klare, M. Oestreich, ACS
Catal. 2013, 3, 1578-1587.

[30] M. F. Kuehnel, D. Lentz, T. Braun, Angew. Chem. Int. Ed.
2013, 52, 3328-3348; Angew. Chem. 2013, 125, 3412-3433.

[31] C.B. Caputo, D. W. Stephan, Organometallics 2012, 31, 27-30.

[32] E. A. Patrick, W. E. Piers, Chem. Commun. 2020, 56, 841-853.

[33] K. L. Bamford, S.S. Chitnis, Z.-w. Qu, D. W. Stephan, Chem.
Eur. J. 2018, 24, 16014-16018.

[34] M. Dryzhakov, J. Moran, ACS Catal. 2016, 6, 3670-3673.

Manuscript received: August 15, 2022
Accepted manuscript online: September 22, 2022
Version of record online: October 17, 2022

Angew. Chem. Int. Ed. 2022, 61, €202212073 (7 of 7)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95UD17 SUOLIWIOD aAIERID 9|gedl|dde au Aq paussnob aJe Sajoile YO ‘8sn J0 Sajni Jo) Aeig1 8UljUQ 8|1/ UO (SUOTIPUOD-PUe-SULIS)L0D A8 1M Afelq 1jpuluo//Sdy) SUONIPUOD PUe SWiB 1 8y} 8eS *[zZ0z/2T/L0] Uo Arigiyauliuo A ‘Areiqi] AlseAlun aqoi L e Aq £202T2Z0Z 91Ue/Z00T 0T/I0p/L0D" A8 Im Alelq 1 jpui|uoy/:sdiy Wolj pepeojumod ‘o ‘2202 ‘ELLETEST


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202212073
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202212073
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202212073
http://www.ccdc.cam.ac.uk/structures

