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ABSTRACT: The B—H bond of typical boranes is
heterolytically split by the polar Ru—S bond of a tethered
ruthenium(II) thiolate complex, affording a ruthenium(II)
hydride and borenium ions with a dative interaction with
the sulfur atom. These stable adducts were spectroscopi-
cally characterized, and in one case, the B—H bond
activation step was crystallographically verified, a snapshot
of the o-bond metathesis. The borenium ions derived from
9-borabicyclo[3.3.1]nonane dimer [(9-BBN),], pinacol-
borane (pinBH), and catecholborane (catBH) allowed for
electrophilic aromatic substitution of indoles. The
unprecedented electrophilic borylation with the pinB
cation was further elaborated for various nitrogen
heterocycles.

he importance of (hetero)aryl boronic acid derivatives in
laboratory- and industrial-scale synthesis is beyond
doubt.! The preparation of these building blocks typically
involves multistep processes involving halogenated intermedi-
ates and stoichiometric use of organometallic reagents.” An
often more efficient methodology is the direct transformation
of a C(sp*)—H into a C(sp’)—B bond by transition-metal
(mainly iridium-based) catalysts.> The classic approach to
C(sp’)—H borylation is, however, electrophilic aromatic
substitution (SgAr), but harsh protocols employing BXj
activated by AIX; (X = Cl, Br, and I)* or X,BH (X = H or
F, Cl, and Br)® as boron sources limit applications.® Milder
reaction temperatures are possible for intramolecular SgAr,
usually directed by a benzylic amine and pyridine nitrogen
atom.” Aside from these contributions, this area of boron
chemistry had remained largely unexplored until the groups of
Vedejs® and Ingleson’ made substantial progress by using
strong (charged) boron electrophiles'® in intermolecular
C(sp®)—H borylation.%' ">
Vedejs and co-workers introduced a 1,8-bis(dimethylamino)-
naphthalene-derived boronium salt as a robust reagent for the
borylation of indoles and pyrroles.® Inspired by the seminal
experiments of Muetterties,* Ingleson and co-workers
activated several chloroboranes (catBCl,9a BCI3,9b and 2-
chloro-1,3,2-benzodithiaborole’) by AIC, in the presence of
amine bases as proton scavengers. These stoichiometric
methods are a major step forward but catalytic dehydrogenative
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methods, ie., SgAr directly utilizing boranes with release of H,,
are still a challenge. A report by Ingleson and co-workers
demonstrated the feasibility of that strategy."> A catalytic
amount of [Et;Si]*[closo-CB, HBry]™ is capable of yielding a
highly electrophilic, transient boron intermediate from catBBr
that rapidly borylates selected arenes using catBH (but not
pinBH, suffering ring-opening due to tertiary carbenium ion
formation) as the stoichiometric boron source. We report here
a catalytic process that generates sulfur-coordinated borenium
ions from various boranes for the SgAr of sufficiently
nucleophilic nitrogen heterocycles. The net transformation is
a direct electrophilic C(sp*)—H borylation with representative
boranes (including pinBH) concomitant with H, formation.
Our laboratories introduced the coordinatively unsaturated
ruthenium(I) complexes 1a'* and 1b'° for cooperative bond
activation (Scheme 1, top). The polar Ru—S bond in 1 was
shown to split H=H'* and Si—H"® bonds into a ruthenium(II)
hydride as well as a sulfur-stabilized proton and a silicenium
ion, respectively (Scheme 1A/B). We reasoned that B—H

Scheme 1. Tethered Ruthenium(IT) Thiolate Complex for
H-H (A), Si—H (B), and B—H (C) Bond Activation [Arf =
3,5-Bis(trifluoromethyl)phenyl]
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bonds might be activated the same way, thereby affording
borenium ions'>'! with a dative bond from the sulfur atom
(Scheme 1C).

The B—H bond activation by 1 was investigated by "H NMR
spectroscopy (Table 1). Determination of the hydride shifts of

Table 1. '"H NMR Shifts of the Borane Hydrides and
Ruthenium(II) Hydride in the Borane Complexes®

F -
BAIF, BAr “[Ru]
P’ERU]“‘SAT + H-B - RSP’ ] ;%Ar
3 CD,Cly H 8
1 2 20 °C 3
entry H-B H-B H-B+1la H-B + 1b
'HNMR  'HNMR" 'H NMR®
[ppm] [ppm] [ppm]
1 (9-BBN):(2a) L.5° -11.9 (3aa) -11.8(3ba)
2 Cy.BH (2b) 0.9 -12.1(3ab) -11.4(3bb)
3 pinBH (2c) 3.87 -8.9 (3ac) -8.1 (3bc)
+ catBH (2d) 487 -9.7 (3ad)*  -8.6(3bd)

“Experiments were performed in an NMR tube usmg 1 (1.0 equiv)
and borane (2.0 equiv) in CD,Cl, at 20 °C. “Resonance signal
observed as doublet due to couphng to the 3'P nucleus. “Determined
by 'H''B HMQC measurements. ¥Resonance signal observed as
quartet due to coupling to the ''B nucleus (s = 3/2). “Broad singlet.

(9-BBN), (2a) and Cy,BH (2b) was difficult since these are
superimposed by aliphatic resonance signals (column 3, entries
1 and 2). Conversely, oxygen-substituted boranes pinBH (2c)
and catBH (2d) show an isolated quartet with a coupling
constant of approximately 180 Hz, indicating a 'J coupling to
the ''B nucleus (column 3, entries 3 and 4). When treating
these boranes 2 with complexes 1a or 1b, a pronounced shift of
the hydride resonance to higher field (A§ ~ 13.0 ppm) was
detected for coordinatively saturated complexes 3 (columns 4
and 5). All four hydride shifts of 3 appear as doublets due to
coupling to the *'P nucleus. A coupling to the boron atom is no
longer observed; the absence of that quartet is already an
indication of the B—H bond weakening (if not cleavage) in
complexes 3. Rapid quadrupolar relaxation of the ''B nuclei in
3 prevented their detection.

To gain deeper insight into the B—H/Ru—S$ interaction, we
attempted to crystallize adducts 3. Single crystals suitable for X-
ray diffraction were obtained at room temperature from a
solution of (9-BBN), (2a) and complex la (R = Et;P) in
benzene layered with n-hexane (Figure 1). The molecular
structure of adduct 1a-2a (or complex 3aa depending on the
magnitude of the bond order of the B—H bond) proves that the
boron atom is connected to the sulfur atom (bond length =
1.94 A) and that the hydride is bound to the ruthenium center
(bond length = 1.80 A). These bond lengths are in the range of
those found in previously reported crystal structures containing
a four-membered H—Ru—S—B ring.'” The B—H bond length
(1.55 A) is, however, increased by about 30% relative to usual
B—H bonds (0.98 A'®*~1.19 A'). This fascinating structural
characterization of adduct 1a-2a might be viewed as a snapshot
of the o-bond metathesis that eventually forms the ruthenium-
(II) hydride and the sulfur-coordinated borenium ion.
Combined with the above 'H NMR data of complex 3aa, we
were convinced that catalytic generation of borenium ions from
boranes 2 by B—H bond activation with coordinatively
unsaturated complexes 1 would be possible.
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Figure 1. Crystal structure of 1a-2a (or 3aa): An ORTEP plot of the
molecular structure (counteranion omitted for the sake of clarity).
Selected experimental bond lengths (A): B—H, 1.55(4); B-S,
1.940(5); Ru—H, 1.80(4); Ru—S, 2.3626(16).

The plan then was to react the catalytically generated
borenium ion (1 — 3) with sufficiently nucleophilic nitrogen
heterocycles (I — II), e.g, indole or pyrrole (Scheme 2).

Scheme 2. Projected Catalytic Cycle of Electrophilic
Borylation of Nitrogen Heterocycles (BAr®,” as
Counteranion Omitted for Clarity)
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Deprotonation of the Wheland intermediate would yield the
borylated heterocycle (I — III) and the short-lived H, adduct
of catalyst 1 (4 — §) that immediately releases H,"* (5 — 1).
The neutral ruthenium(II) hydride 4 could also act as a hydride
donor (4 — 1), reducing the iminium ion to the corresponding
partially saturated heterocycle (I — IV) followed by oxidation
(IV — II). We rule out this pathway as no deuterium
incorportation was seen in the related electrophilic silylation."®*

The identification of an effective protocol for the electro-
philic borylation commenced with a borane screening in the
reaction of a simple indole catalyzed by catalyst 1a (6a — 7aa—
7ad, Table 2, entries 1—4). Using an excess of the indole (8.0
equiv), we were delighted to see that, except for Cy,BH (2b),
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Table 2. Borane and Substrate-to-Reagent Ratio Screening in
the Catalytic Electrophilic Borylation of Indole®

+
RaP_[Ru}ESN BArT,
1a(R=Et)or
H 1b (R = p-FCgHa) ¥
(1.0 mol %)
KIS s -y
N 80 °C N
| |
6a 2a-2d - H-H 7aa-Tad
entry 1 borane ratio solvent t conv.
2) 6a:2 [h] [%]°
1° la (9-BBN), 8:1 neat 12 >95
(2a) 7aa
2° la  Cy,BH 8:1 neat 12 —
(2b) 7ab
3 la pinBH 8:1 neat 12 >95
(2¢) 7ac
4 la catBH 8:1 neat 12 >9S5
(24d) 7ad
S la pinBH 1:1.5 neat 24 4
(2¢) 7ac
6 la pinBH 1:1.5 toluene 24 1
(2¢) 7ac
7 la pinBH 1:1.5 n-hexane 24 2
(2¢) 7ac
8 1b pinBH 1:1.5 neat 24 >95
(2¢) 7ac
9 1b pinBH 1:1.5 toluene 24 10
(2¢) 7ac
10 1b pinBH 1:1.5 n-hexane 24 25
(2¢) 7ac

“All reactions were performed according to the General Procedures 2
(for 8:1 indole-to-borane ratio) and 3 (for 1:1.5 indole-to-borane
ratio). bConsumption of 2 monitored by "B NMR spectroscopy.
Conversion based on minor component determined by 'H NMR
spectroscopy and/or GLC analysis using n-tetracosane as internal
standard. “100 °C. dDecomposition.

the catalyses yielded full conversion at elevated temperature
without any solvent and added base (for more detailed data, see
the Supporting Information). Even pinBH (2c) reacted cleanly
(entry 3), and we decided to elaborate the unprecedented SpAr
with this synthetically useful borane further. The situation
changed dramatically when the substrate-to-reagent ratio was
inverted from 8:1 to 1:1.5 still using catalyst la (6a — 7ac,
entries 5—7). Hardly any conversion was obtained without
added solvent (entry S), and performing the catalysis in either
n-hexane (entry 6) or toluene (entry 7) was also not
productive. To increase the electrophilicity of the borenium
ion, we replaced the electron-donating phosphine ligand Et;P
in la by electron-withdrawing (p-FC4H,);P to afford catalyst
1b. That trick had also served us well in the hydro-
defluorination with silicenium ions catalyzed by these
complexes.'® With 1b as catalyst, the electrophilic borylation
with pinBH (2c) proceeded smoothly at 80 °C but added
solvent was again detrimental to the reaction rate (6a — 7ac,
entries 8—10). A slight excess of the borane was still necessary
to avoid too high viscosity. The C-3 regioselectivity (expected
for an SpAr) was assigned by 2D NMR measurements, and the
regioisomeric ratio of >99:1 was determined by GLC analysis
prior to purification.
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With the optimized protocol in hand, we investigated the
scope of the catalytic electrophilic borylation (Scheme 3). The

Scheme 3. Substrate Scope of the Catalytic Electrophilic
Borylation with pinBH
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“All reactions were performed according to the General Procedure 3
(Supporting Information).

previous model reaction (6a — 7ac, cf. Table 2, entry 8)
afforded 71% isolated yield at full conversion. Alkylated indoles
with different substitution patterns reacted in satisfying isolated
yields (6c — 7cc and 6d — 7dc), including indole methylated
in the C-2 position (6b — 7bc). In turn, a methyl group at C-3
did not steer the borylation toward the C-2 position (not
shown); no reaction occurred. We had seen the same C-3
preference in the related electrophilic silylation.'®* Functional-
ization with an NMe, group is also tolerated, and the C-3
borylation proceeded in decent yields (6e — 7ec and 6f —
7fc). N,N-Dimethylaniline was not nucleophilic enough. Also,
indole brominated at C-6 underwent the C—H borylation (6g
— 7gc). As an example of a pyrrole (parent N-methylpyrrole
failed to react), 1,2,5-trimethylpyrrole is also selectively
monoborylated in high yield (8 — 9c). The methyl group at
the nitrogen atom emerged as crucial as silylated substrates
were unreactive, e.g., i-Pr;Si-protected indole.

To summarize, we disclosed here a new way for the catalytic
generation of borenium ions that allows for the C-3-selective
electrophilic C—H borylation of indoles (and one pyrrole). By
this, it became possible to install the synthetically useful pinB
group at nitrogen heterocycles in an SgAr reaction for the first
time. No added base is required, and H, is released as the sole
byproduct. A systematic NMR investigation into the B—H
bond activation as well as an intriguing X-ray analysis of the
borane adduct of the ruthenium(II) thiolate catalyst provided
significant insight into the generation of the boron electrophile,
likely to emerge from a o-bond metathesis.
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