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Amide directed C—H borylation using =two equiv. of BBrs forms borenium cations containing a R,N(R')C=
O—B(Ar)Br unit which has significant Lewis acidity at the carbonyl carbon. This enables reduction of the
amide unit to an amine using hydrosilanes. This approach can be applied sequentially in a one-pot
electrophilic borylation—-reduction process, which for phenyl-acetylamides generates ortho borylated
compounds that can be directly oxidised to the 2-(2-aminoethyl)-phenol. Other substrates amenable to
the C-H borylation—-reduction sequence include mono and diamino-arenes and carbazoles. This
represents a simple method to make borylated molecules that would be convoluted to access otherwise
(e.g. N-octyl-1-BPin-carbazole). Substituent variation is tolerated at boron as well as in the amide unit,

with diarylborenium cations also amenable to reduction. This enables a double C-H borylation—
Received 24th November 2022

Accepted 14th March 2023 reduction—hydrolysis sequence to access B,N-polycyclic aromatic hydrocarbons (PAHs), including an

example where both the boron and nitrogen centres contain functionalisable handles (N-H and B—OH).
DOI: 10.1039/d2sc06483a This method is therefore a useful addition to the metal-free borylation toolbox for accessing useful

rsc.li/chemical-science intermediates (ArylBPin) and novel B,N-PAH:s.

functionalisation.® Outcome (iii) is significantly underexplored
in electrophilic borylation despite its potential to access other-
wise challenging to make molecules. To our knowledge,
approach (iii) has only been used to make B-doped polycyclic

Introduction

Directed C-H borylation is a powerful methodology to install
boron moieties onto arenes with high regioselectivity.' This
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conversion is desirable as organo-boronate esters are powerful
intermediates in synthesis.” In this area, notable advances have
been made using metal based (principally iridium) catalysts to
generate pinacol boronate esters (Ar-BPin).* Recently, it has
been demonstrated that directed electrophilic C-H borylation
using BX; (X = Cl, Br or I) is a viable metal-free route to install
useful boron units, such as BPin, onto arenes.'®* However, this
area is less developed than metal-catalysed directed C-H bor-
ylation, particularly regarding the utilisation of the directing
group (DG) post borylation. To date, the DG is kept intact in the
product post electrophilic borylation (Fig. 1(i)) or is removed
(Fig. 1(ii)). An attractive alternative is to convert the DG into
a new functional group post borylation (Fig. 1(iii)), here it is
fulfilling two roles: (a) a DG and (b) a reactive handle for further
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aromatic hydrocarbons (PAHs) in very limited examples (e.g

[B] = B protecting group, R "‘D\G
e.g. BPin /BDan i \/ ’.\\ ‘[B]
DG retained

---H 1. directing DG
e : R =Dk _._.H
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Can the DG be transformed into anew DG modified
functional group (FG) post directed
electrophilic C-H borylation?

Rare example of a modiﬁable DG used in electrophilic borylation®

Me,N I
0

(i) directed borylatlon (i) modification of DG to a new FG

HB(C+F NMe +5 mol%
{Ce 5’2/ B(CoFo)3
PhSng/A I “CoFs5 4, -MeH

Fig. 1 (Top) Three possible fates of DGs post directed borylation.
(Bottom) A rare example of a modifiable DG in directed electrophilic
borylation to make a B-doped PAH.
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bottom Fig. 1).° Furthermore, approach (iii) has not been used
to our knowledge to access synthetically useful organoboranes,
such as functionalised ArylBPin species.

In directed electrophilic borylation, the Lewis basic DG
binds the boron Lewis acid (e.g., BX;) enabling subsequent
access to a borenium cation (a three coordinate borocation)
that then effects C-H borylation.*** Several DGs used in elec-
trophilic borylation contain unsaturated units, e.g., C=0, and
in the primary product formed post C-H borylation, e.g. A
(Fig. 1) or B (Fig. 2), the DG remains bound to a Lewis acidic
boron centre.* Thus, the DG will be activated, e.g. at the
carbonyl carbon in B, towards reaction with nucleophiles. For
example, Lewis acid-carbonyl adducts are effectively reduced
by silanes or boranes.” These reductions can be selective, for
example using silanes and B(C¢Fs); as Lewis acid activator,
amides are reduced to amines via a hemi-aminal (Fig. 2 top).?
Therefore, the primary products from amide directed electro-
philic borylation (e.g. B) should be amenable to reduction to
the amine. This would be notable if the C-B unit remained
intact as it would generate a new set of borylated compounds
from a common intermediate (e.g. B).

Herein we report that hydrosilanes reduce the primary
products from amide directed electrophilic borylation to amine
containing borylated products. The amide to amine reduction
process is applicable to a range of substrates including phe-
nylacetyl, arylamine, and carbazole based amides along with
more complex doubly borylated systems. This process is a rare
example of using a modifiable directing group in electrophilic

Previous work: Main group Lewis acid catalysed amide reduction
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Fig. 2 Previous work on: Lewis acid catalysed amide reduction (top);
amide directed borylation (middle); and this work (bottom) combining
amide directed electrophilic borylation and amide reduction to make
novel borylated compounds.
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borylation and represents a new route to access synthetically
useful arylboranes and novel ortho-B,N-containing PAHs (an
area of significant current interest).’

Results and discussion

Borylation-reduction of phenyl-acetyl derivatives

The formation of [1]* (Fig. 3) as the [BBr,]™ salt by directed
electrophilic C-H borylation has been previously reported.*
Borenium [1][BBr,] was selected to start the reduction studies as
the product from amide to amine reduction would form an
ortho borylated PhCH,CH,NMe, species predisposed to form
a six-membered boracycle (by N— BY, dative bond formation, Y
=H or Br, e.g. 2a, Fig. 4). This boracycle should be bench stable
based on previous work," thereby facilitating isolation and
identification of the exocyclic Y substituents on boron (note the
identity of Y will control the equivalents of reductant needed).
The identity of Y is challenging to predict a priori, as in [1]* both
boron and the carbonyl carbon are electrophilic and could
accept hydride. To assess Lewis acidity the hydride ion affinity
(HIA) relative to BEt; was calculated using the previously re-
ported methodology (at M06-2X/6-311G(d,p)/PCM(DCM) level,
this level is used throughout this work)."> This revealed (Fig. 3)
that both positions have comparable Lewis acidity towards
hydride, thus hydride transfer is feasible to both carbon and
boron. Note, these HIAs are high, being greater than B(C¢Fs)3,"
and comparable to the carbon based Lewis acid N-methyl-2-
phenyl benzothiazolium cation,"® with both these Lewis acids
able to activate hydrosilanes.™**

While a range of boranes/borohydrides gave complex
mixtures in the reduction of [1][BBr,], the use of hydrosilanes
resulted in more selective reduction, with SiHEt; providing
good results (note modification in the hydrosilane provided
limited change in outcome, see Table S17). The addition of one
equiv. of SiHEt; to [1][BBr4] at ambient temperature resulted in
three major new resonances in the in situ ''B NMR spectrum at
0115 = 40.4, 4.5 and —2.7, the latter was a doublet with a /5 iy =
156 Hz. The "H NMR spectrum contained a diagnostic doublet
of doublets (6,4 = 5.60, ] = 12.2, 3.3 Hz) assigned to the hemi-
aminal C-H in 3 (Fig. 4) in addition to resonances further
upfield for the diastereotopic PhCH, protons. However, the
aromatic region showed there are two new products formed
under these conditions along with significant [1][BBr,]
remaining. Additional studies (vide infra) revealed the second
product to be the amine borane 2a. The complete consumption

®
I ¥
k\
'I‘ —BEt3
nr
At C=0 AtB
HIA of [1]* (AG, kcalmol™')  -47.1 -46.6
HIA of [1]* (AH, kcalmol')  -47.3 -45.5

Fig. 3 HIA at boron and the carbonyl carbon of [1]*.
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Fig.4 Formation of amine-borane 2a using silanes via hemi-aminal 3.

of [1][BBr,] required at least two equiv. of SiHEt; and produced
a mixture of 2a and 3 at ambient temperature (Fig. S77).

Compound 2a could be formed as the sole soluble product
starting from [1][BBr,] by using >2 equiv. SiHEt; and heating.
2a displays an "'B NMR singlet at 6,15 = +4.5 (precluding a BH,
formulation as the BH, congener of 2a is a triplet at 0;1p
—5.2),"* while the "H NMR spectrum showed two aliphatic
triplets consistent with an ArCH,CH, unit formed from
reduction of amide to amine. Further confirmation of the
formation of an amine — BBr, species was forthcoming from
the reduction of previously reported 4 (ref. 10) with SiHEt;,
(Fig. 5). On heating this formed compound 5, displaying a 6,3
= 5.0, and a singlet at §;;5 = 3.5 for the CH, unit. 5 could be
isolated as a crystalline solid which enabled X-ray diffraction
studies to corroborate the formulation. Coordination of the
amine to the boron centre in 5 (N-B = 1.604(3) A) results in
a pyramidalised boron centre (£Br2-B1-C1/Br1-B1-C1/Brl-
C1-Br2 = 329.72(3)°), with this strong dative bond allowing
the amine boranes 2a and 5 to be handled on the bench for
short periods. Finally, it should be noted the formation of
a BBr, unit during reduction is consistent with a 2: 1 Si-H : [1]
[BBr,] stoichiometry leading to complete amide to amine
reduction.

Br ®
B. ©
OL BBra  Compound 5 ©
e :
III [
4 1 Br1
. o . 31&\,0
2.5 eq. SiHEt, o o AT )
60 °C, 16 h ef
(X efs <9
Br, Br @ N
B/ / R
N 3
5, 89%

Fig. 5 (Left) Formation of amine borane 5. (Right) The solid-state
structure of 5, ellipsoids at the 50% probability and hydrogens omitted
for clarity.
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The amine boranes also can be formed in a one-pot bor-
ylation-reduction process, and starting from N,N-Me,-phenyl-
acetylamide compound 2a was formed in 81% isolated yield
(Scheme 1). To determine if this process tolerated electron
donating (Me) and electron withdrawing groups (F and Br) three
derivatives each functionalised at a different arene position
were explored. These led to the formation of 2b-2d in good yield
(Scheme 1), albeit requiring modified borylation reaction times
(see ESI Section 371) due to the different electronic effects of the
substituents consistent with our previous report.’ To deter-
mine if the N-B dative bond in 2a prohibits subsequent trans-
formations, the oxidation of 2a was explored. Shi and co-
workers have reported that ArylBBr, units that are chelated by
amide directing groups can be oxidised using NaBO;-4H,0."
Analogous conditions were applied for the oxidation of 2a and
this led to the full consumption of 2a and formation of the
corresponding phenol, 6, as the only new species observed by
NMR spectroscopy (Fig. S291). This indicates that despite the
N — B dative bond, these amine boranes are useful intermedi-
ates. This is noteworthy as (2-aminoethyl)-phenols are common
motifs found in bioactives (e.g. psilocin),'® while 6 represents an
ortho-tyramine derivative that can be accessed in just two steps
from simple precursors.

With the identity of Y and utility of the amine-boranes 2
confirmed our attention turned to the hemi-aminal, assigned as
3. Multiple attempts to form 3 as the sole boron containing
species using a range of silanes/conditions failed, with varying
quantities of 2a/[1][BBr,] always present, furthermore 2a and 3
proved intractable. However, the identity of 3 is supported by
comparison to Me;N— BHBr, which displays a 6;;3 = —0.7
doublet with an identical “Jz_y; coupling constant (156 Hz) to
that observed in 3.7 Furthermore, the —2.7 and 40.4 ppm "'B
resonances increased in intensity concomitant with each other
and with the 6,4 = 5.60 doublet of doublets. The 6,5 = 40.4 is
consistent with boron in an ArB(OR)Br environment.'® Finally, it
should be noted that leaving mixtures containing 3 for longer
reaction times led to the conversion of 3 into 2a, suggesting 3 is
an intermediate in the production of 2a.

Based on these observations a mechanism for the formation
of 2a can be proposed (Scheme 2, note only a single new

Br, Br Br\B’Br/ . Br\B,Br/ Br\BlBr/
Br
2a (81%) 2b (92%) 2¢ (85%) 2d (64%)
(i) BBr
(i) SiHEt
; OH
\)?\ (i) BBry NaBOj,°4H,0 ©/\/\
Ph NMe, (i) SiHEt N—

6 |

Scheme 1 (Top) Borylation reduction tolerating both electron
donating and withdrawing groups and substituents at ortho, meta and
para positions in the starting material (isolated yields in parentheses).
(Bottom) Conversion of N,N-Me,-phenylacetylamide into 2-(2-Me,N-
ethyl)phenol 6.
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+SiHEt3 SlBrEt3
BBr3 HBBrz
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A[PBrg SiHEt,
r,
- SiBrEt, NMez H N N BHBR
€2
_BBr, BHBrz
2a , —— O;CHZNMeQ
c NMez

Scheme 2 Proposed pathway for the reduction of [1]* to 2a via 3, 3-O
and C.

resonance in the 2°Si NMR spectrum was observed at d,og; =
37.9 consistent with SiBrEt;). The initial reduction of [1][BBr,]
would produce the hemi-aminal, with SiBrEt; and BBr; the by-
products. BBr; would then react rapidly with SiHEt;
producing SiBrEt; and HBBr,," the latter is observed bound to
the hemi-aminal nitrogen in compound 3 by NMR spectroscopy
(vide supra). In the absence of additional silane, the only
reducing equivalent now present is HBBr, and we propose this
can form the O-bound isomer of 3, termed 3-O (Scheme 2,
bottom right). Compound 3-O was calculated to be more stable
than 3 by AG = 8.4 kcal mol ', thus 3 is the kinetic product. The
calculated structure of 3-O has the C-O bond already cleaved
and instead contains an iminium moiety that is primed for
reduction by the B-H unit to furnish C. Support for formation of
an ArylB-O-BBr, unit (as shown in C) comes from studies on
other related substrates (vide infra). Finally, boron substituent
scrambling and N— B dative bond formation then will convert
C into 2a.

During attempts to isolate the hemi-aminal the boron eno-
late 7 was isolated (Scheme 3), with related boron enolates
previously shown to be useful intermediates.** However, under
a range of conditions 7 could only be formed in low (max. 26%)
conversion from [1][BBr,4]. In an attempt to form a hemi-aminal
selectively the bulk around N was increased by replacing NMe,
with N'Pr, ([8][BBr,], Scheme 4), hypothesising that the extra
bulk may preclude HBBr, coordination to N and O and thus
prevent the second hydride transfer step. However, using this
bulkier amide led to initial hydride transfer to boron, con-
firming that reduction can occur at boron as well as at carbon,
consistent with the HIA calculations. The only reduced product

5eq. K2003 OH
H,O IIB
mixture of 2a/3 oM RT @j maximum 26%
ca.1:2 = conversion
7

Scheme 3 Formation of boron-enolate 7 from 3.
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Scheme 4 Reduction of [8][BBr,4] to form compound 9.

isolable clean starting from [8][BBr,] was compound 9 (formed
as the major species when using 5 equiv. silane), with no hemi-
aminal observed at any point by in situ NMR spectroscopy.
Compound 9 is formed from hydride transfer to boron, and
then slower amide reduction to the amine. Similar amine-
borane products were reported by Vedejs and co-workers and
were also made by electrophilic borylation of PhCH,CH,N(R),-
BH;, however this required stoichiometric amounts of the
expensive reagent [Ph;C][B(CeFs),]-**

Borylation-reduction of aniline derivatives

With a borylation-reduction process in hand its applicability to
other substrates was investigated. N-Pivaloyl anilines also
produce primary products from directed electrophilic bor-
ylation using BBr; that contain a boron Lewis acid coordinated
to the amide carbonyl (such as 10-Br/[10][BBr,], Fig. 6).>' It
should be noted that as reported for the phenylacetyl deriva-
tives,'® 10-Br and [10][BBr,] exist in equilibrium, with the posi-
tion of the equilibrium favouring [10][BBr,] when two equiv. of
BBr; are used in the C-H borylation step. This is important as it
was found that conditions where borocations, e.g. [10][BBr,], are
the dominant species (over neutral species e.g. 10-Br) give better
amide reduction outcomes using SiHEt; (see Fig. S327). This is
attributed to the carbonyl carbon in borenium cations such as
[10][BBr,] being more electrophilic than that in neutral deriva-
tives (e.g. 10-Br) which will facilitate reduction. Attempts to
monitor the reduction of [10][BBr,4] by in situ NMR spectroscopy
were not informative as these reactions formed complex
mixtures from which no intermediate borane could be identi-
fied. However, the addition of pinacol or 1,8-diaminonaph-
thalene (Dan) to these mixtures formed 11-Pin and 11-Dan,

[BBry]
NH _*BBrs NH () + SHEts ©\N/CH2‘BU
Br//B\O/J\tBu -BBr3B /B%’J tg, (i) pinacol ) H
Br r (or Dan)/
10-Br [10][BBry4] base 11-Pin
11-Dan
BPin Me 5 BPin H
t u -
B N e ﬁj Y
BDan Me BDan H (0]
12 13 14 15

Fig. 6 Top, reduction of [10][BBrg4]. Bottom left, additional substrates
isolated as Dan derivatives. Inset, substrate 14 used in Zn catalysed
amide reduction, and 15 one of the products from that process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. 6), as the major boron compounds (by NMR
spectroscopy versus an internal standard, Fig. S337). Other
aniline derivatives, including a tertiary amide and an N-benzoyl
congener, also were amenable to this borylation/reduction
process. The products were protected and isolated as the Dan
derivatives, 11-Dan, 12 and 13, due to the enhanced stability of
these BDan congeners relative to the BPins (the latter proved
sensitive to column chromatography). The ability to vary the
protecting group installed on boron (e.g. Pin or Dan) is an
attractive feature of this approach and is distinct to iridium-
catalysed routes which are limited generally to BPin due to
the use of B,Pin,.** Furthermore, attempts to access these
products cleanly by amide reduction of the BPin containing
arylamide 14 (Fig. 6 inset), was not effective. The reduction of 14
under mild conditions (Zn(OAc),/(EtO);SiH)* led to the
formation of multiple ArylBPin species, with their ratios
dependent on the equiv. of silane used. The major products
were the desired 12-Pin and 15 (by in situ NMR spectroscopy,
Fig. S34t1), but conditions leading to clean formation of 12-Pin
or 15 were not identified.

To expand the borylation-reduction scope it was applied in
the previously reported N-benzoyl directed C1 borylation of
carbazole.”* This one pot borylation-reduction process enabled
formation of 16 in 61% yield (Fig. 7, inset), with 16 containing
an N-benzyl group that can be readily removed. Carbazoles,
including C1-functionalised derivatives,> are prevalent in
organic electronics where they are often N-substituted with alkyl
chains to enhance solubility. Therefore, the applicability of
borylation-reduction to access N-alkyl-1-borylated-carbazoles
was assessed. N-H-carbazole was functionalised to form 17
and this derivative underwent acyl directed borylation with BBr;
and protection at B to afford 18 in 93% isolated yield. This in
itself is notable as it is the first report of an enolisable acyl unit
being successfully used in amide directed electrophilic C-H
borylation to our knowledge. Applying borylation-reduction to
17 afforded 19 in 53% yield. The formation of 19 from 17 in one-
pot represents a streamlined route to access useful C1-bory-
lated-N-alkylated carbazoles compared to previous methods
(which proceed via formation of the C1-brominated precursor
and then lithiation-borylation).>*

Doubly functionalised diamino-arenes also are useful
building blocks,* therefore the extension of this process to
double amide directed C-H borylation products was investi-
gated. Substrates 20 and 21 (Scheme 5) were synthesized via

” Pz’:::" O

BrzB PlnB
C7H15 7H15 O C7H15
not |solated
(i) SiHEt;
(i) pinacol PinB N
/base C7His

Fig. 7 The C1 borylation—-reduction of N-acyl carbazoles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BPin H BDan r u
N.__O . NH NH
\f (i) Q/ (il
B
HN ‘ j\ HN
OéI\‘B BPin 0% By ‘Bu) BDan
22 20 24
'Bu o tBu
BPin ( (;2 BPin
PlnB ! g C6 PinB ! g
tBu
tBu o ‘Bu
23 21 25
Scheme 5 (i) Borylation with BBr3 followed by protection at boron; (ii)

borylation with BBrs, reduction with SiHEts and then protection.

standard methodologies and found to undergo double directed
electrophilic borylation using BBr; to afford 22 and 23 in good
isolated yields (80 and 83%, respectively). Incorporating
a reduction step prior to protection at boron enabled formation
of 24 and 25 in moderate yields (24 and 40%, respectively). The
double borylation of the naphthyl derivative 21 at the C2/6
positions in preference to the peri-positions was confirmed by
single crystal X-ray diffraction studies on compound 25 (see
Fig. S1191). The solid-state structure of 25 is unremarkable,
excluding the fact that the nitrogen atoms are pyramidalised
(e.g. C-N-C = 115.14(7)°), something we attribute to pyramid-
alisation being required to permit the N-H---OBp;, intra-
molecular hydrogen bond (2.024(9) A) that is present in the
structure of 25. The selective formation of the 2,6-diborylated
isomers (23 and 25) is consistent with the preference for
forming six membered boracycles over seven membered during
electrophilic borylation (the latter would be required to borylate
at the peri position of 21).*

Borylation-reduction of diaryl borane derivatives

While a range of substituents on the amide are tolerated in
borylation-reduction all the examples above have very similar
substituents at boron in the borenium cation being reduced,
specifically in each case boron is substituted with an aryl,
a bromine and a carbonyl. We were interested in determining if
altering one substituent at boron in the borocation was
compatible with selective amide to amine reduction. Therefore,
a directed C-H borylation was targeted where a single boron
centre performs two C-H borylations to generate a borocation
substituted with two aryl groups (e.g. compound D, Fig. 8 left). If
reducible this amide would form species E (right, Fig. 8) and
compounds related to E are of current interest as they are B,N
containing PAHs that have a reactive site at B and at N thus
would facilitate further reactivity e.g. for making rigid “pre-
organized” intramolecular FLPs*® or emissive B,N-PAHs.”
However, embedding Lewis acidic centres into rigid PAHs
can dramatically alter their reactivity.”® Therefore the HIA was
calculated at boron and carbon for D. This revealed the HIA at
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Fig. 8 Lewis acidity of diaryl-borane derived cations.

boron in D is significantly reduced relative to that in 1" (Fig. 3),
while the carbonyl carbon possesses a high HIA (Fig. 8),
comparable to that in 1". The disparity between the HIA values
at boron and carbon in D is attributed to the N-(alkyl)aryl amide
structure (in contrast to the N-dialkyl amide unit in 1) which
will result in the N lone pair being delocalised to some extent
into the extended m system (Fig. 8, left-hand resonance struc-
ture). This is supported by the calculated structures, which
revealed a longer (O)C-N bond and a shorter aryl-B bond in D
relative to that in 1%, consistent with the relative Lewis acidity at
boron and carbon in D. Regardless, the high HIA at carbon in D
indicates reduction of amide to amine is feasible.

Two precursors, 26-THQ and 26-Me (top, Fig. 9), were syn-
thesised in two steps from commercial precursors. Both are
designed so that amide directed C-H borylation can only
incorporate the boron centre in the correct position for
a second C-H borylation at the naphthalene peri position. The
latter step is expected to be facile based on our previous
work.” Indeed, the addition of two equiv. BBr; to 26-THQ in
DCM at room temperature led to the precipitation of 27-THQ,
with the formulation supported by single crystal X-ray
diffraction analysis (vide infra for discussion). Similarly, the
addition of two equiv. BBr; to 26-Me led to precipitation of
a yellow solid, assigned as 27-Me. Both 27-THQ and 27-Me
were sufficiently soluble in CD,Cl, to produce weak NMR
spectra that displayed resonances consistent with their
formulation, e.g. 4,13 = +36.5 (broad) and —24.4 for 27-THQ
and +36.0 (broad) and —24.4 for 27-Me. The sharp —24.4 ppm
resonance is due to [BBr,]” and confirms borenium ion
formation, as expected based on the low (relative to 1*) Lewis
acidity calculated at boron in D. The "H NMR spectra for both
compounds 27 contained eight 1H integral resonances in the
aromatic region as expected.

The addition of two equiv. of SiHEt; to suspensions of 27-
THQ led to gradual dissolution and formation of a single major
product containing a three and a four-coordinate boron centre
(by NMR spectroscopy). This species was isolated by crystal-
lisation, and analysis by X-ray diffraction revealed formation of
28-THQ. In 28-THQ the amide has been reduced to an amine,
but the product has not undergone B-O cleavage. Instead the B
and N centres are bridged by a [O-BBr,]  moiety, presumably
derived from an O-BHBr, intermediate (as proposed in the
conversion from 3 to C, Scheme 2). The formulation as 28-THQ
from X-ray diffraction studies is fully consistent with the "'B

3870 | Chem. Sci,, 2023, 14, 3865-3872

View Article Online

Edge Article
%, o
O O}\{/ O O)\{/
26-THQ 26-Me
@ L)
\ / © @ ()
] ) @
®
¢ ¢ ® .
. S Py Py
¢ e ° .’O
N )
DS [ 4
Compound
for 27-THQJ/27-Me 27-THQ
both
for 27-THQ e
P y
+ SiHEt; o < \
ee ’\\
e s
@
S
[} o/
Br S ® ¢
Br (Y @
28-THQ ]
@ Compound
+ SiHEty/ L 28-THQ
work-up work-up L
*
29-THQ/29-Me LY Compound
e 29-THQ

Fig. 9 Double borylation-reduction—hydrolysis to form B,N-con-
taining PAHs 29-THQ and 29-Me. Right, solid state structures, ellip-
soids at 50% probability and most hydrogens omitted for clarity.

NMR spectrum which contained resonances at +40.6 and
+6 ppm, for a three and a four coordinate boron centre,
respectively. Due to the chiral N in 28-THQ the methylene
protons are diastereotopic in the "H NMR spectrum, while there
remain eight aromatic resonances.

Starting from 27-Me, in situ NMR spectroscopy revealed
a complex mixture is formed post reduction with SiHEt;, but the
mixture can be converted into the borinic acid 29-Me in 78%
yield by treatment with aqueous base. Compound 29-Me dis-
played a d,4p at +41.1 in the expected region, while a 6,4 singlet
at +11.95 was observed for the B-OH which is consistent with
a borinic acid OH in a rigid environment containing a BO---H-N
hydrogen bond.** 29-THQ can be accessed analogously from 28-
THQ by aqueous basic work up, or in a one pot process directly
from 27-THQ in 67% isolated yield. 29-THQ has a comparable
0118 (+40.9 broad) and 6,4 (+11.92) for the B-OH unit. The
formation of compounds 29 demonstrates that it is possible to
access B/N containing PAHs using the directed borylation-
reduction methodology, including an example containing the
modifiable groups, N-H and a B-OH as in 29-Me.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Top, the solid-state structure of the cationic portion of 27-Me,
ellipsoids at 50% probability, most hydrogens omitted for clarity.
Bottom, select metrics.

In addition to 27-29-THQ, 27-Me also was crystallised and
analysed by X-ray diffraction studies (Fig. 10, top). Analysis of
the key metrics for 27-Me revealed them to be closely compa-
rable to 27-THQ (Fig. 10 bottom), therefore the structural
discussion only focuses on the 27-29-THQ series. In all the
structures the boron centre is effectively trigonal planar, with
the shortest anion---cation contact in 27-THQ long at Br---B =
3.610(6) A. 27-THQ can be viewed as having a core that is a main
group analogue of perylene and the all sp> pentacyclic core in
27-THQ is effectively planar (max. deviation from the plane of
the pentacycle = 0.12 A), with the geometry at N effectively
trigonal planar. This is in contrast to the geometry at N in 28-
and 29-THQ, with N significantly pyramidalised in both. While
this is expected for 28-THQ, for 29-THQ the N is pyramidalised
due to the N---H-OB interaction. Other noteworthy metrics
include: (i) the B-O distance being longest in the datively
bonded system, 27-THQ; (ii) significant (0.17 A) variation in the
trans-annular B---N distances, indicating some flexibility in this
system despite its fused nature; (iii) the B1-C3 distance being
significantly shorter in cationic 27-THQ, whereas the Cyap-B
distances varies to a much lesser degree across the series. This
indicates some delocalisation from the N to the Lewis acidic
boron centre in 27-THQ. Finally, the effect on stability (to pro-
todeboronation) of embedding the boron centre into a fused
amino-substituted PAH was assessed. Reactivity studies
confirmed that 27-THQ and 27-Me are significantly more robust
towards protodeboronation than the borinic acid Ph,BOH and
the non-fused 1-BPin-2-NR,-C¢H, systems. For example, in
contrast to the latter two compounds 27-THQ does not react on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prolonged exposure to basic or acidic aqueous solutions (by
NMR spectroscopy).

In conclusion, this work demonstrates that amides can
function as modifiable directing groups in electrophilic C-H
borylation. Post borylation using BBr;, the addition of an
hydrosilane to the crude reaction mixture enables reduction of
the amide to an amine while maintaining the C-B bond(s). This
process proceeds via borenium cations that are Lewis acidic at
both boron and the carbonyl carbon, but hydride transfer
occurs selectively to carbon (in the absence of significant bulk
on the amide). Post reduction, the products are useful as the
C-B unit can be oxidised in situ to the respective phenol or
protected at boron to give synthetically ubiquitous aryl boronate
esters (as BPin or BDan derivatives). Notably, this amide
directed electrophilic borylation-reduction process represents
a simple route to form aryl boranes (e.g. compound 19) that can
be made currently only via convoluted routes. By applying bor-
ylation-reduction to a range of substrates an initial mechanistic
picture has emerged that indicates a stepwise reduction, where
the second reduction step proceeds not from a hydrosilane, but
from a HBBr, species made in situ. Notably, amide reduction is
applicable to a range of amide— B containing borenium
cations, with substituent variation tolerated at both the amide
and around boron. The latter enables borylation-reduction to
be used to access novel B,N-functionalised PAHs that contain
reactive functionalities on both N and B. This will facilitate
further functionalisation and thus enable application of these
materials in FLP catalysis and as emissive organic materials,
both topics currently under exploration in our laboratory.

Data availability

The data supporting this article has been uploaded as part of
the ESL{

Author contributions

M1, SI and MU conceived the research concept and aims and
analysed all data. SI and MU performed the majority of the
synthetic work and the majority of the analytical components of
this project. IN, ZW, HJ, and CM also performed the synthesis
and characterisation of a number of compounds reported in
this manuscript. GN and MU collected and solved all the crystal
structures. KY performed the computational analysis.
Combined, MI, MU, SI and GC drafted, reviewed and edited the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020
research and innovation programme (grant agreement no.
769599). We acknowledge SIRCAMS at University of Edinburgh

Chem. Sci., 2023, 14, 3865-3872 | 3871


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2SC06483A

Open Access Article. Published on 15 March 2023. Downloaded on 6/20/2026 3:50:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

for performing mass spectrometry. IN and GAC acknowledge
the Higher Education Commission (HEC) of Pakistan for
providing financial support through IRSIP program. IN is also
thankful to University of Edinburgh for providing research
facilities.

References

1 For select recent reviews on directed C-H borylation see: (a)
S. A. Igbal, J. Pahl, K. Yuan and M. J. Ingleson, Chem. Soc.
Rev., 2020, 49, 4564; (b) A. Ros, R. Fernandez and
J. M. Lassaletta, Chem. Soc. Rev., 2014, 43, 3229; (c)
M. T. Mihai, G. R. Genov and R. J. Phipps, Chem. Soc. Rev.,
2018, 47, 149.

2 Boronic Acids: Preparation and Applications, ed. D. Hall, Wiley-
VCH, Weinheim, 2011.

3 For select reviews on iridium catalysed borylation see: (a)
I. A. 1. Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy
and J. F. Hartwig, Chem. Rev., 2010, 110, 890; (b) R. Bisht,
C. Haldar, M. M. M. Hassan, M. E. Hoque, ]. Chaturvedi
and B. Chattopadhyay, Chem. Soc. Rev., 2022, 51, 5042.

4 For recent reviews on electrophilic C-H borylation see: (a)
S. Hazra, S. Mahato, K. K. Das and S. Panda, Chem.-Eur. J.,
2022, €202200556; (b) S. Rej and N. Chatani, Angew. Chem.,
Int. Ed., 2022, 61, €202209539; (¢) X. Tan and H. Wang,
Chem. Soc. Rev., 2022, 51, 2583. For select very recent
publications in this area see: (d) G. Berionni, Angew. Chem.,
Int. Ed., 2022, 61, €202210284; (¢) X. Xu, G. Wu, Z. Yang,
X. Liu, L. Hao, Y. Wang, Z. Ma and Y. Ji, Org. Lett., 2022,
24, 7163; (f) J. Pahl, E. Noone, M. Uzelac, K. Yuan and
M. ]J. Ingleson, Angew. Chem., Int. Ed., 2022, 61,
€202206230; (g) K. Lei, Z. Jiang, R. A. Lalancette, X. Tang
and F. Jakle, . Am. Chem. Soc., 2022, 144, 18908; (h)
O. Sadek, A. Le Gac, N. Hidalgo, S. Mallet-Ladeira,
K. Miqueu, G. Bouhadir and D. Bourissou, Angew. Chem.,
Int. Ed., 2022, 61, €202110102.

5 F. Zhang and D. R. Spring, Chem. Soc. Rev., 2014, 43, 6906.

6 (@) J. Zhang, H. Jung, D. Kim, S. Park and S. Chang, Angew.
Chem., Int. Ed., 2019, 58, 7361; (b) In notable work an
imine unit was installed and used as directing group in
electrophilic borylation with in situ unmasking back to the
carbonyl. In this case, the DG is more correctly termed
a transient directing group as opposed to a modifiable
directing group as it is cleaved to return the initial FG
present before DG installation, see: S. Rej and N. Chatani,
J. Am. Chem. Soc., 2021, 143, 2920.

7 S.Das, D. Addis, S. Zhou, K. Junge and M. Beller, J. Am. Chem.
Soc., 2010, 132, 1770.

8 For amide reduction using B(CeFs)s/hydrosilanes see (and
references therein): R. C. Chadwick, V. Kardelis, P. Lim
and A. Adronov, J. Org. Chem., 2014, 79, 7728.

9 (@) C. Chen, C.-Z. Du and X.-Y. Wang, Adv. Sci., 2022,
2200707; (b) S. Oda and T. Hatakeyama, Bull. Chem. Soc.

3872 | Chem. Sci,, 2023, 14, 3865-3872

View Article Online

Edge Article

Jpn., 2021, 94, 950; (c) H. Helten, Chem.-Eur. J., 2016, 22,
12972.

10 S. A.Igbal, C. R. P. Millet, J. Pahl, K. Yuan and M. J. Ingleson,
Eur. J. Org. Chem., 2022, €202200901.

11 (a) T. S. De Vries, A. Prokofjevs, J. N. Harvey and E. Vedejs, /.
Am. Chem. Soc., 2009, 131, 14679; (b) A. Prokofjevs,
J. Jermaks, A. Borovika, J. W. Kampf and E. Vedejs,
Organometallics, 2013, 32, 6701.

12 E. R. Clark, A. Del Grosso and M. J. Ingleson, Chem.-Eur. J.,
2013, 19, 2462.

13 V. Fasano, J. E. Radcliffe, L. D. Curless and M. J. Ingleson,
Chem.—Eur. J., 2017, 23, 187.

14 W. E. Piers, A. J. V. Marwitz and L. G. Mercier, Inorg. Chem.,
2011, 50, 12252.

15 J. Lv, B. Zhao, Y. Yuan, Y. Han and Z. Shi, Nat. Commun.,
2020, 11, 1316.

16 H. Lowe, N. Toyang, B. Steele, H. Valentine, J. Grant, A. Ali,
W. Ngwa and L. Gordon, Molecules, 2021, 26, 2948.

17 M. Arrowsmith, A. Heath, M. S. Hill, P. B. Hitchcock and
G. Kociok-Kohn, Organometallics, 2009, 28, 4550.

18 M. C. Haberecht, M. Bolte, H.-W. Lerner and M. Wagner, Eur.
J. Inorg. Chem., 2005, 4309.

19 R. Soundararajan and D. S. Matteson, Organometallics, 1995,
14, 4157.

20 C. Korner, P. Starkov and T. D. Sheppard, J. Am. Chem. Soc.,
2010, 132, 5968.

21 (a) S. A. Igbal, J. Cid, R. J. Procter, M. Uzelac, K. Yuan and
M. J. Ingleson, Angew. Chem., Int. Ed., 2019, 58, 15381; (b)
J. Lv, X. Chen, X.-S. Xue, B. Zhao, Y. Liang, M. Wang,
L. Jin, Y. Yuan, Y. Han, Y. Zhao, Y. Lu, J. Zhao, W.-Y. Sun,
K. N. Houk and Z. Shi, Nature, 2019, 575, 336.

22 M. E. Hoque, M. M. M. Hassan and B. Chattopadhyay, J. Am.
Chem. Soc., 2021, 143, 5022.

23 S. Das, D. Addis, K. Junge and M. Beller, Chem.-Eur. J., 2011,
17, 12186.

24 S. M. Kim, S. Y. Byeon, S.-H. Hwang and J. Y. Lee, Chem.
Commun., 2015, 51, 10672.

25 J.J. S. Lamba and J. M. Tour, J. Am. Chem. Soc., 1994, 116,
11723.

26 For a review on FLPs see: (@) D. W. Stephan, J. Am. Chem. Soc.,
2021, 143, 20002; (b) For the proposed use of rigid
intramolecular FLPs in N, activation see: A. M. Rouf,
C. Dai, S. Dong and J. Zhu, Inorg. Chem., 2020, 59, 11770.

27 For a very recent review on this topic see: K. R. Naveen,
H. I. Yang and J. H. Kwon, Commun. Chem., 2022, 5, 149.

28 Z. Zhou, A. Wakamiya, T. Kushida and S. Yamaguchi, J. Am.
Chem. Soc., 2012, 134, 4529.

29 For the facile intramolecular borylation of naphthalene peri
positions post an initial borylation see: R. J. Kahan,
D. L. Crossley, J. Cid, J. E. Radcliffe and M. ]. Ingleson,
Angew. Chem., Int. Ed., 2018, 57, 8084.

30 J.-H. Son, M. A. Pudenz and J. D. Hoefelmeyer, Dalton Trans.,
2010, 39, 11081.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2SC06483A

	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...

	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...
	Amides as modifiable directing groups in electrophilic borylationElectronic supplementary information (ESI) available: Full experimental procedures,...


