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tituted benzylboronates by light
promoted homologation of boronic acids with N-
sulfonylhydrazones†

Álvaro Valdés-Maqueda, Lućıa López, Manuel Plaza * and Carlos Valdés *

The synthesis of benzylboronates by photochemical homologation of boronic acids with N-

tosylhydrazones under basic conditions is described. The reaction involves the photolysis of the N-

tosylhydrazone salt to give a diazoalkane followed by the geminal carboborylation of the diazoalkane.

Under the mild reaction conditions, the protodeboronation of the unstable benzylboronic acid is

circumvented and the pinacolboronates can be isolated after reaction of the benzylboronic acid with

pinacol. The metholodogy has been applied to the reactions of alkylboronic acids with N-

tosylhydrazones of aromatic aldehydes and ketones, and to the reactions of arylboronic acids with N-

tosylhydrazones of aliphatic ketones. Moreover, the employment of the DBU/DIPEA bases combination

allows for homogeneous reactions which have been adapted to photochemical continuous flow

conditions. Additionally, the synthetic versatility of boronates enables their further transformation via

Csp3–C or Csp3–X bond forming reactions converting this methodology into a novel method for the

geminal difunctionalization of carbonyls via N-tosylhydrazones.
Introduction

Boronic acids and boronates are a very signicant class of
compounds due to their vast applications as synthetic inter-
mediates as well as for their interesting properties in areas that
span from materials to medicinal chemistry.1 Of particular
interest is a specic class of boronic acid derivatives known as
saturated boronic acids, distinguished by the presence of
a Csp3–B bond.2 In recent years, a wide array of reactions have
been devised to transform these systems through both C–C and
C-heteroatom bond forming reactions signicantly expanding
their synthetic versatility.3–5

On the other hand, the transition-metal free coupling of
boronic acids with N-sulfonylhydrazones is a very powerful
method for the modication of carbonyl compounds.6 In these
reactions, a carbon–carbon bond and a carbon–boron bond are
formed on the same carbon atom in a process that involves the
decomposition of the N-sulfonylhydrazone to give a diazo
compound followed by the carboborylation of the diazo
compound with concomitant loss of nitrogen. However, under
the relative harsh reaction conditions required for the
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/Julián Claveŕıa 8, 33006 Oviedo, Spain.

vi.es

SI) available: Experimental procedures,
nuous ow photochemical setups,
1H and 13C NMR spectra. See DOI:

the Royal Society of Chemistry
generation of the diazo compound, the intermediate boronic
acid formed may undergo protodeboronation to yield the
product derived from the reductive coupling of the boronic acid
and the N-sulfonylhydrazone (Scheme 1a). This methodology
has proven to be a very powerful C–C bond forming reaction
that have found wide applications in organic synthesis.7,8

Nevertheless, the possibility of circumventing the proto-
deboronation step, and achieving the geminal difunctionaliza-
tion of the carbonyl group through the N-sulfonylhydrazone is
a very attractive synthetic transformation.9 Our research group
has successfully demonstrated the feasibility of this approach
by capturing the boronic acid moiety via intramolecular cycli-
zations. Thus, we have developed cascade geminal C–C/C–C
bond forming processes10 as well as C–C/C–N cyclizations11

(Scheme 1b) that have led to the development of new methods
to synthesize quite complex Csp3-rich bicyclic and spirocyclic
structures. Moreover, very recently, Merchant and Qin et al.
showed in a remarkable study, that the secondary and tertiary
boronic acids which are obtained by reaction of N-sulfonylhy-
drazones of alkyl ketones and aldehydes with alkylboronic acids
are not prone to undergo protodeboronation, and therefore can
be efficiently trapped as pinacol boronates, providing a general
method for the construction of these important synthetic
intermediates with wide structural diversity (Scheme 1c).12 This
type of homologation has been also explored employing stable
diazo compounds13 as well as other sources of unstabilized
diazoalkanes.14 In particular, the photochemical decomposition
of oxadiazolines under continuous ow has been employed by
Ley et al. as a mild method to generate diazoalkanes, that upon
Chem. Sci., 2023, 14, 13765–13775 | 13765
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Scheme 1 (A) Reductive coupling of boronic acids and N-sulfonylhydrazones by the carboborylation/protodeboronation sequence. (B)
Synthesis of pyrrolidines by a C–C/C–N bond forming cascade involving carboxylation of aN-tosylhydrazone and intramolecular interception by
an azide. (C) Synthesis of pinacol boronates form alkyl N-tosylhydrazones and alkylboronic acids. (D) Synthesis of benzyl boronates by
photochemically promoted homologation of arylboronic acids with oxadiazolines. (E) Photoinduced generation of diazo compounds from N-
tosylhydrazones and their use in the homologation of aldehydes. (F) This work: synthesis of benzyl boronates by photochemically promoted
homologation of alkyl and arylboronic acids with N-sulfonylhydrazones.
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treatment with aryl or alkenylboronic acids lead to the corre-
sponding homologated boronic acids, that can be trapped as
the corresponding boronates15 or upon a subsequent reaction.16

However, the synthesis of benzyl and allyl boronates from N-
sulfonylhydrazones has remained elusive, due to their unsta-
bility under the thermal and basic reaction conditions required
for the generation of the diazoalkane from the hydrazone.6,12a

Nevertheless, considering the widespread availability and
simplicity of obtaining N-sulfonylhydrazones from carbonyl
compounds, the capability to synthesize benzylboronates under
transition-metal-free conditions using such readily accessible
starting materials would represent a highly valuable synthetic
transformation. In this context, we became inspired by some
recent publications that reported that the decomposition of N-
tosylhydrazones can be promoted photochemically.17–20 In
particular, König et al. discovered that the formation of diazo
compounds from N-tosylhydrazones can be achieved by irradi-
ation of the N-tosylhydrazone salts with visible light at rt, and
applied this reaction in the homologation of carbonyl
compounds (Scheme 1e).17 Taking these results into consider-
ation we envisioned that under mild photochemical conditions
the preparation of benzylboronates by homologation of boronic
acids by reaction with N-tosylhydrazones might be possible.21,22
13766 | Chem. Sci., 2023, 14, 13765–13775
We expected that at room temperature the protodeboronation
of the homologated boronic acid might not occur, enabling
their capture as pinacolboronates. In this manuscript we wish
to report our results, which have led to the development of
a new method for the preparation of secondary and tertiary
benzyl boronates by homologation of boronic acids with N-
tosylhydrazones under mild photochemical conditions.
Results and discussion

To check our hypothesis, we initiated our study by considering
the reaction between propylboronic acid and the N-tosylhy-
drazone 1a derived from 1-tetralone. To select the proper irra-
diation wavelength, a UV spectrum of the solution of the N-
sulfonylhydrazone in the presence of a base was registered. As
described by König for N-tosylhydrazones of alkyl ketones,17

a bathochromic shi of the absorption was observed for the
mixture in the presence of base when compared with the pure
N-tosylhydrazone. Based on these measurements, violet light
(390 nm) was selected as the excitation wavelength (see ESI† for
details). Thus, we irradiated a mixture of the N-tosylhydrazone
1a, 3 equiv. of n-propylboronic acid and 3 equiv. of cesium
carbonate in CH2Cl2 with a 390 nm LED lamp for 2 h at rt. Then,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Initial experiments on the photochemical homologation of
alkylboronic acids with aromatic N-tosylhydrazones.
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the mixture was treated with H2O2, to oxidize the expected
homologated boronic acid (Scheme 2). Delightfully, the ex-
pected alcohol 2 was obtained with high yield, indicating that
the homologation had taken place through the photochemically
induced reaction, and importantly that no protodeboronation
had occurred under the reaction conditions. This promising
result pointed that the isolation of the benzyl boronate might be
possible. However, when we attempted to trap the boronic acid
as the pinacol boronate 3 by addition of pinacol instead of the
oxidation with H2O2 upon completion of the reaction, the
tertiary alcohol was still the main product, even in the absence
of any oxidation agent and in dry and oxygen free conditions.
Nevertheless, when the same conditions were applied to the
reaction of the N-tosylhydrazone of 4-methoxybenzaldehyde 1b
with butylboronic acid, this time the pinacolboronate 4a could
be obtained in good yield, with no alcohol or protodeboronation
byproduct being detected (Table 1, entry 1).
Table 1 Influence of the reaction conditions in the homologation of buty

Entry Deviation from standard conditionsa

1 None
2 2 equiv. of DIPEA added
3 With K2CO3 instead of Cs2CO3 and 2 equiv. of D
4 With LiOtBu instead of Cs2CO3 and 2 equiv. of D
5 No light
6 No base
7 1,4-Dioxane instead of DCM
8 THF instead of DCM
9 Acetonitrile instead of DCM
10 427 nm lamp, 4 h
11 1 equiv. of boronic acid

a Standard conditions: hydrazone 1b 0.2 mmol, n-Bu-B(OH)2 (3 equiv.), s
disappearance of the N-tosylhydrazone signals by 1H NMR. c Isolated yiel

© 2023 The Author(s). Published by the Royal Society of Chemistry
Thus, we selected the reaction between the N-tosylhydrazone
of 4-methoxybenzaldehyde 1b and n-butylboronic acid as
starting point to develop proper reaction conditions (Table 1).
The reactions were carried out at room temperature, and aer
the reaction time indicated, the lamp was turned off and
pinacol was added to trap the boronic acid as the benzyl boro-
nate 4a. A selection of the conditions analyzed are presented in
Table 1. We found that the addition of diisopropylethylamine
(DIPEA) together with the inorganic base provided higher yields
than the Cs2CO3 alone (Table 1, entry 2). Moreover, other bases
such as K2CO3 and LiOtBu, which are widely employed for the
thermal decomposition of N-sulfonylhydrazones at high
temperatures also promoted the reaction, although with lower
yields (Table 1, entries 3 and 4). The inuence of the solvent is
remarkable, in coordinating solvents such as 1,4-dioxane, THF
and acetonitrile the N-tosylhydrazone undergoes decomposi-
tion, but the carboborylation reaction does not proceed at all
(Table 1, entries 7–9).

Then, the scope of the reaction was studied under the reac-
tion conditions developed (Scheme 3). Regarding the structure
of the boronic acid, the reaction is compatible with the
employment of methylboronic acid, primary alkylboronic acids,
and cyclic secondary alkylboronic acids (4d–4f). Importantly,
the reaction is also compatible with a variety of sensitive func-
tional groups in the boronic acid, such as bromide 4i, nitrile 4j
and an enolizable ketone 4k. Unfortunately, N-boc protected
heterocyclic boronic acids did not react with the diazoalkane
under this mild reaction conditions.

Regarding the structure of the aldehyde, the reaction
proceeds successfully with electron-rich (4p, 4q, 4t), neutral (4l)
and moderately electron-withdrawing aromatic systems (4m,
4n, 4v, 4w), but with N-tosylhydrazones with strong electron-
lboronic acid with the tosylhydrazone of 4-methoxybenzaldehyde 1ba

Conversionb (%) Yieldc (%)

100 78
100 95

IPEA 100 88
IPEA 100 46

0 0
0 0

100 0
100 0
100 0
17 —

100 62

olvent 2 mL, Kessil PR160L lamp 390 nm (52 W). b Determined by the
d aer column chromatography. DIPEA: diisopropylethylamine.

Chem. Sci., 2023, 14, 13765–13775 | 13767
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Scheme 3 Formation of benzylboronates 4 by reaction of N-tosylhydrazones of aromatic aldehydes with alkylboronic acids. Reaction condi-
tions: N-tosylhydrazone (0.2 mmol), alkylboronic acid (0.6 mmol), Cs2CO3 (3 equiv.), DIPEA (3 equiv.), CH2Cl2 2 mL, irradiation with a 390 nm
lamp (52 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given. aA 1 : 1 mixture of the boronic ester
and the pyrazoline derived from a 1,3-dipolar cycloaddition was detected in the reaction crude (see Scheme 8b for details).
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withdrawing substituents the yields of the reactions are
substantially reduced. Additionally, the reaction tolerates ortho
mono (4r) and disubstitution (4q, 4aa). However, low yield was
obtained for the o-allyl substituted N-tosylhydrazone 4s, since in
this case a 1 : 1 mixture of 4s and the pyrazoline derived from
the intramolecular 1,3-dipolar cycloaddition between the diazo
compound and the double bond is obtained (see Scheme 8
below). To further illustrate the potential of this transformation
to access to complex boronates, vanillin was used as a linker to
attach hydroxylated natural products to the N-tosylhydrazone
moiety. Then the homologation reaction provided the boro-
nates with good yields, as shown by the synthesis of geraniol
and (−)-citronellol containing boronates 4ab and 4ac
respectively.

Once we had developed a useful method for the synthesis of
secondary benzyl boronates from alkylboronic acids and
aromatic aldehydes via their N-sulfonylhydrazones, we turned
our attention to the reverse combination of partners, N-
13768 | Chem. Sci., 2023, 14, 13765–13775
tosylhydrazones of alkyl ketones and arylboronic acids. We
selected 4-methoxyphenylboronic acid and the N-tosylhy-
drazone 1c derived from benzyl methyl ketone as substrates for
the model reaction (Table 2). When the conditions developed
before for aromatic N-tosylhydrazones were applied no coupling
product was obtained, recovering the N-tosylhydrazone
untouched (Table 2, entry 2). Interestingly, upon irradiation for
16 h, 50% conversion of the hydrazone was achieved (Table 2,
entry 3). These results indicated that the alkyl substituted
hydrazone underwent very slow photochemical decomposition
under these conditions. Indeed, a new UV-vis analysis revealed
that the N-tosylhydrazone salts from alkyl ketones should be
excited with low-energy UV light rather than violet light, due to
their lower absorbance (see ESI† for details). Thus, when the
irradiation wavelength was changed to 370 nm total conversion
was achieved aer 6 h to provide, aer reaction with pinacol
overnight, a mixture of the boronate 5a and the alcohol 6
derived from the oxidation of the homologated boronic acid
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05678c


Table 2 Influence of the reaction conditions in the homologation of 4-methoxyphenylboronic acid with the dialkyl N-tosylhydrazone 1ca

Entry Deviation from standard conditionsa Conversionb (%) Ratioc 5a : 6 (Yieldd (%))

1 None 100 1 : 1.6 65% (6)
2 390 nm, 1 h 0 —
3 390 nm, 16 h 50 —
4 1 eq. Cs2CO3 25 1 : 2
5 1 h 7 3 : 1
6 2 h 31 3 : 1
7 Toluene instead of CH2Cl2 30 5 : 1
8 Addition of 4A MS 100 1 : 1
9 Only DIPEA (2 eq.) as base, 16 h 0 —
10 Overnight (w/o DIPEA) 100 16% (5a)
11 NaH (1 eq.), 10 min, then boronic acid + DIPEA 0 —
12 NaH (1 eq.), 10 min, then boronic acid (w/o DIPEA) 0 —
13 NaH (1 eq.), 10 min, then boronic acid + DIPEA, 16 h 0 —
14 DBU (2 eq.) instead of Cs2CO3 100 1 : 0
15 DBU (2 eq.) instead of Cs2CO3, 2 h 100 1:0 70% (5a)

a Standard conditions:N-tosylhydrazone (0.2 mmol), arylboronic acid (0.3 mmol), Cs2CO3 (3 equiv.), DIPEA (3 equiv.), CH2Cl2 2 mL, irradiation with
a 390 nm lamp (52 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. b Determined by the disappearance of the N-tosylhydrazone. c Determined by 1H
NMR on the reaction crude. d Isolated yield aer column chromatography. PMP: 4-methoxyphenyl; DBU: 1,8-diazabicyclo(5.4.0)undec-7-ene.
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(Table 2, entry 1). The attempts to eliminate the formation of
the alcohol keeping Cs2CO3 as base were unsuccessful: reduc-
tion of the amount of Cs2CO3 led to a dramatic reduction in the
conversion (entry 4) shorter reaction times increased the 5a : 6
ratio, but also at the expenses of much lower conversion (entries
5 and 6). The employment of toluene as solvent (entry 7) and the
exclusion of water by addition of molecular sieves (entry 8) did
not prevent the formation of the alcohol either. The reaction
employing DIPEA as only base (entry 9), and reactions
employing a preformed hydrazone salt by deprotonation with
NaH led to the recovery of the starting material (entries 11–13).
Moreover, very low isolated yield of the boronate 5a was ob-
tained when the reaction was conducted with Cs2CO3 in the
absence of DIPEA (entry 10). Delightfully, when DBU was used
as base, total conversion was achieved, and importantly the
boronate 5a was isolated with no formation of the alcohol (entry
14). Aer some more experimentation it was found that the
combination of DBU and DIPEA provided the best results
leading to the boronate in a 70% yield (entry 15).

The scope of the reaction under these new conditions was
studied for a set of N-tosylhydrazones leading to the tertiary
boronic esters with moderate to good yields (Scheme 4). The
reaction can be applied to linear N-tosylhydrazones (5a, 5b),
carbocyclic (5c–5f) and heterocyclic systems (5g, 5h), and again
tolerates the presence of sensitive functional groups, such as
carboxylate (5h) and nitrile (5i). The reaction proceeded nicely
for an a-substituted cyclohexanone leading to the tertiary bor-
onate as a single diastereoisomer (5i).‡

Very high diastereoselectivity was also achieved for the bor-
onate derived from 4-phenylcyclohexanone N-tosylhydrazone 5j,
© 2023 The Author(s). Published by the Royal Society of Chemistry
highlighting the importance of the mild conditions to enhance
the stereoselectivity of the reactions. However, lower stereo-
selectivity was obtained for boronate 5l, as in this case the
hydrazone does not belong to the ring and the stereochemical
control is marginal. The photochemical carboborylation could
also be applied to cholestanone, as an example late-stage
functionalization leading to the tertiary boronate 5m with
moderate yields and stereoselectivities.

Quite unexpectedly, when the reaction was applied to other
boronic acids such as 4-chlorophenyl boronic acid, under these
specic reaction conditions poor conversion was detected. We
found that in order to achieve good conversion it was necessary
to perform the reactions in excess of the N-tosylhydrazone.
Moreover, some of the benzylboronic esters are quite unstable
under silica gel chromatography, and unactivated silica gel or
neutral alumina is necessary in the purications. Upon these
modications, the reaction can be carried out with a variety of
arylboronic acids featuring electron donating (5p, 5q), neutral
(5r) and electronwithdrawing substituents (5n).

Interestingly, these reaction conditions could be applied also
to the homologation of an alkylboronic acid with alkylic N-
tosylhydrazones towards the synthesis of tertiary alkyl boro-
nates as represented by the synthesis of boronate 5v. These
alkylboronates can be prepared efficiently under thermal
conditions as reported by Qin et al.,12a but now their synthesis
might be also accomplished under photochemical conditions at
room temperature.

To continue with the study of the scope of this trans-
formation, we then turned our attention to N-tosylhydrazones
derived from aryl ketones, which would lead to tertiary benzyl
Chem. Sci., 2023, 14, 13765–13775 | 13769
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Scheme 4 Synthesis of benzylboronates 5 by reaction of N-tosylhydrazones of aliphatic ketones with arylboronic acids. aReaction conditions:
N-tosylhydrazone (0.2 mmol, 1 equiv.), arylboronic acid (0.4 mmol, 2 equiv.), DBU (2 equiv.), DIPEA (2 equiv.), CH2Cl2 2 mL, irradiation with
a 370 nm lamp (43 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given. bReaction conditions: N-
tosylhydrazone (0.4mmol, 2 equiv.), arylboronic acid (0.2 mmol, 1 equiv.), DBU (4 equiv.), DIPEA (4 equiv.), CH2Cl2 2 mL, irradiation with a 370 nm
lamp (45 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given.
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boronates 7 upon reaction with alkylboronic acids (Scheme 5).
Both protocols were examined. The reactions with the Cs2CO3/
DIPEA combination seemed to be appropriate in several
examples, although the DBU/DIPEA bases system gave consis-
tently better yields avoiding the autooxidation of the homolo-
gated boronic acid. The reactions with hydrazones derived from
acetophenones led to the tertiary benzylic boronates in yields
comparable with the reactions with hydrazones from aldehydes
(7a–7f). The presence of longer and functionalized alkyl
substituents is also tolerated as represented by 7g and 7h, which
feature an azide and an ester functionality at the g-position
respectively. It must be noted that in some examples very poor
yields were achieved upon irradiation with the 390 nm light
giving rise to degradation products derived from the N-sulfo-
nylhydrazone. However, the employment of 370 nm light
provided the benzyl boronate with acceptable yields. It is likely
that in those cases the higher wavelength light may promote not
only the decomposition of the N-tosylhydrazone but also the
photolysis of the diazo compound into a carbene which then
may evolve through different pathways.23

In the case of the reactions with tetralones we had observed
that the oxidation product could not be avoided employing
13770 | Chem. Sci., 2023, 14, 13765–13775
Cs2CO3 as unique base (Scheme 2). Now, under the optimized
conditions employing either the Cs2CO3/DIPEA or the DBU/
DIPEA combinations, the autooxidation of the homologated
boronic acid is prevented and the boronates could be isolated
successfully (7i–7l). The scope of the reaction includes also the
hydrazones derived from indanones (7m–7s) which provide the
tertiary boronic esters with moderate to good yields. The reac-
tion includes linear, functionalized and cyclic boronic acids. In
contrast, poor yield was obtained under these conditions for the
chromane derived benzyl ester 7t and no boronic ester 7u was
obtained with the avanone derivative.

The reaction of aryl ketone N-tosylhydrazones was also
explored with arylboronic acids. However, in these cases the
homologated boronic ester could not be trapped, as the diary-
lalkylboronic acids turned out to be too unstable and under-
went very fast spontaneous protodeboronation even at rt to give
the 1,1-diarylalkanes 8. These reductive coupling reactions are
well developed under thermal conditions,6,7 but now we show
that they might be also performed under photochemical
conditions at room temperature.

Importantly, the reactions employing the DBU/DIPEA bases
system, unlike the reactions that use an inorganic base, are
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of benzylboronates 7 by reaction of N-tosylhydrazones of aromatic ketones with alkylboronic acids. aReaction conditions:
N-tosylhydrazone (0.2 mmol, 1 equiv.), alkylboronic acid (0.6 mmol, 3 equiv.), Cs2CO3 (2 equiv.), DIPEA (2 equiv.), CH2Cl2 2 mL, irradiation with
a 390 nm lamp (52 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given. bReaction conditions: N-
tosylhydrazone (0.2 mmol, 1 equiv.), alkylboronic acid (0.6 mmol, 3 equiv.), DBU (2 equiv.), DIPEA (2 equiv.), CH2Cl2 2 mL, irradiation with
a 390 nm lamp (52 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given. cReaction conditions: N-
tosylhydrazone (0.2 mmol, 1 equiv.), alkylboronic acid (0.6 mmol, 3 equiv.), Cs2CO3 (2 equiv.), DIPEA (2 equiv.), CH2Cl2 2 mL, irradiation with
a 370 nm lamp (43 W), 1–3 h, rt; then pinacol (5 equiv.), 12 h, rt. Isolated yields after column chromatography are given. PMP: 4-methoxyphenyl.
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homogeneous. Therefore, we thought that it might be possible
to adapt the reaction conditions to continuous ow, since it
represents a very convenient option to scale-up photochemical
reactions.24 Moreover, the in situ generation of the potentially
hazardous non-stabilized diazoalkanes under continuous ow
is also attractive for safety reasons.25,26 Taking all of this into
consideration, the ability to perform the photochemically trig-
gered homologations under continuous ow would be very
appealing. Thus, with this idea we carried out an initial study to
evaluate this possibility employing a PTFE tubing-made ow
reactor. Delightfully, aer some optimization, we were able to
develop reaction conditions to achieve the homologation reac-
tions under ow conditions for a set of hydrazones and boronic
acids. In this manner, a solution containing the N-sulfonylhy-
drazone, the boronic acid, DBU and DIPEA was passed through
the PTFE ow reactor illuminated by LED lamps of the proper
wavelength to provide, aer treatment with pinacol, the
homologated boronic esters in yields comparable with the
batch reaction conditions (Scheme 6). It must be pointed out
that specic optimization is required for each particular
substrate that included stoichiometry, radiation intensity and
wavelength. Moreover, deoxygenated solvent as well as argon
atmosphere over the complete process is recommended to
© 2023 The Author(s). Published by the Royal Society of Chemistry
avoid oxidation of some of the intermediate boronic acids.
Specic details and description of the ow setup are given in the
ESI.† Preliminary examples of the application of the ow
methodology were illustrated by the synthesis of boronates
derived from alkyl boronic acids and aryl N-tosylhydrazones and
aryl boronic acids with alkyl N-tosylhydrazones (Scheme 6). The
reactions with cyclic aromatic N-tosylhydrazones turned out to
be particularly well suited for the continuous ow protocol. We
used as prototype the reactions with indanone N-tosylhy-
drazones, which led to the expected boronates derived from
primary boronic acids (7n, 7o, 7p, 7q, 7v), cyclic boronic acids
(7t, 7u, 7w) and also functionalized boronic acids (7p, 7q). The
ow methodology was also compatible with tetralone N-tosyl-
hydrazones (7k). Moreover, even the reactions with chroma-
none and avanone, which performed very poorly under batch
conditions provided the boronates 7t and 7u with synthetically
useful yields under continuous ow. This protocol could be also
applied to the preparation of secondary benzyl boronates upon
the employment of aldehyde N-tosylhydrazones, as shown by
the synthesis of 4l, 4ad, although at this point of development
with quite poor yields. The synthesis of benzylboronates by
reaction of dialkyl ketone N-tosylhydrazones with arylboronic
acids coud be also accomplished under continuous ow as
Chem. Sci., 2023, 14, 13765–13775 | 13771
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Scheme 6 Continuous flow synthesis of benzylboronates. See ESI† for
the specific details of each reaction.

Scheme 7 Some synthetic applications of benzyl boronic acids and
pinacol boronic esters.
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shown in the preparation of 5c, 5d, 5e and 5g. In particular, the
synthesis of 5k, which was obtained with very low yield under
batch conditions could be performed in ow with high yield.
Finally, the carboborylation of a dialkylketone N-tosylhydrazone
with an alkylboronic acid is also possible under ow conditions
as illustrated by the synthesis of 5v.

It must be emphasized that although unstabilized diazo-
alkanes have been previously generated under continuous ow
conditions from other precursors, such as unprotected NH2

hydrazones and oxadiazolines,26 the particularly easy avail-
ability and stability of N-tosylhydrazones makes this method-
ology a highly promising new transformation.

Alkyl boronic acids and their pinacol esters are highly valu-
able intermediates in organic synthesis, and a myriad of useful
13772 | Chem. Sci., 2023, 14, 13765–13775
transformations have been described including proto-
deboronation, oxidation, amination and C–Csp3 bond forming
reactions.3–5,27 Interestingly, depending on the workup once the
photochemical reaction has concluded, two different products
could be obtained, as illustrated by the reaction of N-sulfo-
nylhydrazone 1d with 3-butenylboronic acid: treatment with
H2O2 for 1 h or stirring at the open air gives the corresponding
alcohol 9, and as already mentioned, treatment with pinacol
leads to the pinacolboronate 7p (Scheme 7a). Furthermore, the
spirocyclic tetrahydrofuran 10 could be directly obtained in the
reaction of 1d with 3-bromopropylboronic acid upon treatment
with H2O2 and 1MNaOH overnight, providing a novel approach
towards this interesting class of heterocycles (Scheme 7b).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, taking advantage of the functional group
tolerance of the carboborylation, the direct oxidation of the
homologated boronic acid allowed for the synthesis of hydrox-
yketone 11 without the need of protective groups (Scheme 7c).
This synthesis of benzyl boronic ester features great potential
towards the geminal disubstitution on carbonyls. For instance,
one carbon Matteson homologation28 of the pinacol boronic
ester 7a by treatment with in situ generated bromomethyl
lithium followed by oxidation led to the primary alcohol 12
(Scheme 7d). Considering the overall transformation, two Csp3–
Csp3 bonds have been formed on the carbonylic carbon of the
precursor ketone. Additionally, the boronic ester 5g could be
methoxylated under Chan–Lam conditions to give tertiary
methoxy ether 13.

Finally, protodeboronation of the boronic ester can be
cleanly achieved upon treatment with KOtBu and water, and
interestingly, the same reaction in the presence of D2O leads to
the selective deuteration of the tertiary benzylic position, as
exemplied by the synthesis of the deuterated 4-arylpiperidine
14D from 5g (Scheme 7e).
Mechanistic considerations

König et al. have established that the irradiation of the cesium
N-tosylhydrazonate I with 385 nm visible light gives rise to the
Scheme 8 (a) Mechanistic proposal for the photochemically triggered
carboborylation. of N-tosylhydrazones. (b) Evidence for the diazo-
alkane intermediate formation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
cleavage of the N–S bond to forge the diazoalkane III and
cesium sulnate17 We have also observed a bathochromic shi
in the UV absorption for the solution of N-tosylhydrazone 1a
upon treatment with Cs2CO3. The organic base DBU plays
a similar role, since a solution of the N-tosylhydrazone of N-
benzylpiperidone 1d and DBU (1, 5 equiv.) also showed
a signicant bathochromic shi when compared with the UV
spectrum of the solution of the N-tosylhydrazone in the absence
of the base (see ESI†). Thus, photoexcitation of the DBU
hydrazonate IImight also enable the N–S bond cleavage and the
generation of the diazoalkane III.29 Then, reaction with the
boronic acid through the boronate species IV followed by 1,2-
migration of the organic group provides the homologated
boronic acid V, which does not undergo protodeboronation
under the mild reaction condition and can be trapped as
pinacol boronate or oxidized to render the alcohol (Scheme 8a).

Further evidence for the formation of the diazoalkane was
provided by the reaction of N-tosylhydrazone 1e with n-butyl-
boronic acid, which afforded a 1 : 1 mixture of the boronate 4s
and the fused pyrazoline 15. Formation of 15 can be explained
by the intramolecular 1,3-dipolar cycloaddition between the
diazoalkane functionality and the double bond of the allyl
moiety (Scheme 8b).
Conclusions

Herein we report a new methodology for the synthesis of
secondary and tertiary benzyl boronates by light promoted
homologation of boronic acids with N-tosylhydrazones. The
new photochemical transformation lls a signicant gap, as
benzylboronates were not previously accessible under the clas-
sical thermal conditions for the reactions between boronic
acids and N-sulfonylhydrazones. The transformation features
wide scope regarding both coupling partners. Moreover, the
reactions have been adapted to continuous ow enabling for
better scalability. For these reasons, we believe that this new
light promoted transformation may be of high interest as it
gives access to a wide structural variety of secondary and tertiary
benzylboronates through a straightforward, mild, and experi-
mentally simple procedure. Further applications of this meth-
odology are forthcoming.
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