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rless dehydrogenative borylation
of styrenes enabled by a molecularly defined
manganese complex†

Kuhali Das,‡a Abhishek Kundu,‡b Koushik Sarkar,a Debashis Adhikari §*b

and Biplab Maji §*a

In this study, we employed a 3d metal complex as a catalyst to synthesize alkenyl boronate esters through

the dehydrogenative coupling of styrenes and pinacolborane. The process generates hydrogen gas as the

sole byproduct without requiring an acceptor, rendering it environmentally friendly and atom-efficient. This

methodology demonstrated exceptional selectivity for dehydrogenative borylation over direct

hydroboration. Additionally, it exhibited a preference for borylating aromatic alkenes over aliphatic ones.

Notably, derivatives of natural products and bioactive molecules successfully underwent diversification

using this approach. The alkenyl boronate esters served as precursors for the synthesis of various

pharmaceuticals and potential anticancer agents. Our research involved comprehensive experimental

and computational studies to elucidate the reaction pathway, highlighting the B–H bond cleavage as the

rate-determining step. The catalyst's success was attributed to the hemilability and metal–ligand

bifunctionality of the ligand backbone.
Introduction

Fostering a greener, more efficient, and cost-effective chemical
synthesis entails comprehensively redesigning established
catalytic methodologies to minimize the reliance on Earth's
critical resources.1 The more accessibility, lower toxicity level,
and potential for unveiling novel catalytic properties make the
Earth-abundant transition metals attractive candidates to
substitute their heavier congeners for these purposes.2 Within
this context, the molecularly dened complexes of manganese
have garnered substantial interest in sustainable hydrogen
transfer and hydroelementation reactions.3 In particular, the
hydrosilylation and hydroboration reactions of alkenes leading
to alkyl silanes and boranes have been explored with multi-
dentate manganese-based metal complexes by the groups of
Trovitch, Zheng, Thomas, Kirchner, Wang, Xie, and others
(Fig. 1a).4 Their effort leads to linear or branched alkyl products
depending upon the chosen catalyst and the microenvironment
of the reaction. In comparison, the dehydrogenative
stitute of Science Education and Research
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5

functionalization of alkenes leading to alkenyl silanes is a rela-
tively new area of research (Fig. 1b).4b,f,5 Xi and Wang indepen-
dently utilized Mn2(CO)10 and di-phosphine/Mn2(CO)10
complexes as catalysts to synthesize alkenyl silanes in an
acceptorless pathway via a manganese-centered radical.4b,f

Kirchner's (PP)Mn(I)-alkyl complex catalyzes the same reaction
by forming an Mn-silyl species, consuming one-third of the
alkene as an H2 acceptor.5 However, similar ligand backbones
Fig. 1 [a] Mn-catalyzed hydroelementation reactions, [b] Mn-cata-
lyzed acceptorless dehydrogenative silylation of olefinic C–H bonds,
[c] this work: Mn-catalyzed acceptorless dehydrogenative borylation
of alkenes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lead to hydroboration products, and manganese-catalyzed
synthesis of alkenyl boronate has remained elusive.

The reports on the borylation of readily available alkenes
surfaced employing Pd, Rh, Ir, Pt, Fe, Co, and Cu complexes
with HBpin or B2pin2 as borylating agents.6 However, the state-
of-the-art borylation of alkenes requires a stoichiometric,
sacricial alkene, ketone, or alcohol to scavenge the produced
byproducts, H2 or HBpin. The chemo- and regioselectivity are
also compromised due to the formation of a competitive 1,2-
diborylation adduct.6j,p,7 Zr-catalyzed dehydrogenative bor-
ylation of alkenes in an acceptorless pathway has been recently
reported.8 The rst-row transition metal-complex catalyzed
acceptorless dehydrogenative borylation (ADB) of alkenes
without needing an acceptor for the release of hydrogen
remained unknown. Besides, mechanistically driven catalyst
design is still underdeveloped in this area, leaving signicant
room for further exploration.

Ligand design is crucial in enabling the 3d metal catalysts
towards a selective bond activation and subsequent trans-
formation. In this vein, we recently developed phosphine-free
Mn(I)-complexes derived from multifunctional ligands that,
apart from the conventional metal–ligand cooperativity, utilized
the hemilability of the so sidearm for bond activation.9 We
hypothesized that Mn(I)-complexes with similar ligand back-
bones would be tenable to achieve the dehydrogenative bor-
ylation of alkenes (Fig. 1c). Notably, the catalyst had to be highly
selective to minimize the competitive hydroboration reactions.4

Herein, we report the rst example of a bench stable Mn(I)-
complex catalyzed ADB of alkenes with exclusive regio- and
stereoselectivity and high chemoselectivity. The reaction
Table 1 Key reaction optimizationa

Entry Variation from the standard conditions

1b Mn1
2b Mn2
3b Mn3
4 Mn3 without KHMDS
5 None
6 KH instead of KHMDS
7 KOMe instead of KHMDS
8 LiEt3BH instead of KHMDS
9 1,4-Dioxane as solvent
10 CH3CN as solvent
11 CH2Cl2, PhMe and benzene
12 Without Mn3

a Reaction conditions: 1 (0.1 mmol), HBpin (0.15 mmol),Mn3 (6 mol%), KH
1H NMR using mesitylene as the internal standard. Isolated yields are in

© 2024 The Author(s). Published by the Royal Society of Chemistry
operated under mild conditions without needing a hydrogen
acceptor and delivered products in high yields.
Results and discussion

The dehydrogenative borylation was initially conducted on
a model substrate styrene 1 (Table 1). Pleasingly, the Mn1,
possessing a thiomethoxy arm, catalyzed the reaction of 1 (1
equiv.) with HBpin (1.5 equiv.) and delivered trans-2-phenyl-
vinylboronic acid pinacol ester 2 in 30% yield at 65 °C. The
reaction was performed in THF in the presence of a catalytic
amount of KOtBu (entry 1). While the anti-Markovnikov
hydroboration and 1,2-diborylation adducts were not detected,
alkyl boronic acid pinacol ester 3 was noticed in 5% yield.
Gratifyingly, ethylbenzene 3′, the complete hydrogenated
product of styrene was undetected. Besides, the headspace
analysis of the reaction tube detected hydrogen gas, proving the
acceptorless nature of the reaction (Section S8.1†). The man-
ganese(I) complex Mn2 with a thiophene sidearm displayed
slightly better reactivity, yielding 37% of 2 (entry 2).

Under this situation, we hypothesized that incorporating
a more p-accepting ligand framework around the metal would
further improve the reactivity and selectivity by reducing the
hydricity of the intermediate Mn–H. We have synthesized the
complex Mn3 with a quinoline framework (Fig. 2 and S1†). The
CO bands in the infrared spectra in 2018, 1936, and 1907 cm−1

are consistent with the formulation. The 1H and 13C NMR data
also conrmed its formation. The single crystal X-ray diffraction
shows an octahedral geometry around manganese with
a bidentate coordination of the NN-ligand. Trans to the
% Yield of 2 Selectivity 2 : 3 : 3′

30 86 : 14 : 0
37 83 : 17 : 0
46 88 : 12 : 0
<5 —
76 (72) 93 : 7 : 0
33 82 : 18 : 0
23 74 : 26 : 0
29 60 : 40 : 0
40 80 : 20 : 0
41 80 : 20 : 0
<10 —
0 —

MDS (10 mol%), THF (33 mL), 65 °C, 24 h, Ar. Yields were determined by
the parenthesis. b KOtBu instead of KHMDS.

Chem. Sci., 2024, 15, 1098–1105 | 1099
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Fig. 2 Molecular structure of Mn3 (50% probability ellipsoids).10
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nitrogen atoms are placed two carbonyl groups forming a quasi-
meridional plane, and the other carbonyl is positioned trans to
the bromide in its perpendicular plane.

As hypothesized, Mn3 displayed improved catalytic activi-
ties, delivering 46% yield of 2 (Table 1, entry 3). Further opti-
mization revealed that the reaction was susceptible to the
nature of the catalyst activator used. While the reaction stops
without an activator (entry 4), using KHMDS remarkably
improved the outcome, delivering 76% of 2 at high chemo-
selectivity; 2 : 3 : 3′ = 93 : 7 : 0 (entry 5). In comparison, LiEt3BH,
KH, and KOMe gave inferior results (entry 6–8). Employing
solvents other than THF also leads to poor yields or selectivity
(entry 9–11). As anticipated, the absence of Mn3 does not yield
any product (entry 12) as proved by a control reaction.

We then probed the generality of the Mn3-catalyzed ADB
reaction (Table 2). Gratifyingly, a range of styrene derivatives
Table 2 Scope for the manganese-catalyzed acceptorless dehydrogena

a Reaction conditions: Table 1, entry 5. Isolated yields of trans-vinyl boron
d HBpin (1.2 equiv.), 36 h

1100 | Chem. Sci., 2024, 15, 1098–1105
containing steric and electronically biased substituents under-
went smooth reaction under these conditions, yielding trans-
vinyl boronic esters in high yields and selectivities. The pres-
ence of electron-donating groups at the para-position leads up
to 78% yields of the products 4–7with high chemoselectivity (up
to 96 : 4), favoring ADB over hydroborated products. An elec-
tronically neutral p-phenyl substituent 8 also furnished
comparable results. The product yield and chemoselectivity
reduced a little as wemoved from slightly electron-donating F to
a highly electron-withdrawing triuoromethyl group (9–12).
However, the electronic effect on the reaction rate was negli-
gible (vide infra). Notably, the halogens were retained, leaving
scope for further functionalization. A similar trend is observed
aer changing the substituents from para to meta (13–16). The
reaction was minimally affected by sterics; ortho-substituted
styrenes 2-methyl, and 2-bromostyrene (17 and 18) furnished 58
and 51% yields, respectively. However, a-, and b-methyl styrene
fails to give a product (Section S6.2†). The 3,5-dimethoxy and
3,4,5-trimethoxy styrenes furnished the alkenyl boronate esters
(19 and 20) with good yields and excellent selectivities, which
could be further employed to synthesize some bioactive
compounds (vide infra). Notably, 2-vinylnaphthalene (21) and 3-
(triuoromethyl)-4′-vinyl-1,1′-biphenyl (22) reacted smoothly,
and the desired products were isolated in 50 and 71% yields,
respectively. Styrenes containing thiomethoxy (23) and hetero-
cyclic moieties such as furan (24) and pyridine (25) were also
tive borylation of styrenes

ic esters are given. b HBpin (1.2 equiv.), 72 h. c HBpin (1.2 equiv.), 24 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tolerated, furnishing the alkenyl boronates in moderate to good
yields. Noteworthily, 2-vinyl ferrocene also delivered the
product (26), maintaining the high chemoselectivity. The
aliphatic alkene 1-octene provided small quantities of hydro-
boration and dehydrogenative borylation product mixture
under these conditions.

We have further borylated the derivatives of some natural
products and drug molecules to demonstrate the synthetic
applicability of our developed protocol. The styrenes prepared
from (−)-menthol, (−)-borneol, and (+/−)-citronellol could
quickly be diversied to the respective alkenyl boronates (27–
29) in 66–80% yields while maintaining high selectivity for ADB.
The aliphatic alkene counterpart in citronellol derivative (29)
was utterly untouched, featuring the chemoselectivity towards
aromatic alkenes over aliphatic ones. Additionally, the styrenyl
ether of the alcohol obtained from naproxen underwent smooth
borylation, furnishing 50% yield of 30.

The utility of the alkenyl boronate ester products was then
showcased by carrying out an array of transformations (Fig. 3).
The oxidation of alkenyl boronate ester 20 with Oxone® led to
the aldehyde 31 in 62% isolated yield. The vinyl halides are
crucial coupling partners in different transition metal-catalyzed
syntheses. The alkenyl boronate ester group could easily be
converted to various vinyl halides (Cl, Br, I, 32–34) up to 88%
yield in a highly stereoselective trans-fashion. The enol ether 35
could be synthesized in good yields in a Cu-catalyzed pathway in
the presence of allyl alcohol. The [2 + 2]-cycloaddition of 2 with
4-methoxy styrene under photochemical irradiation of 456 nm
blue LED with fac-Ir(ppy)3 as a photosensitizer and subsequent
oxidation with NaBO3$4H2O led to cyclobutanol derivative 36 in
67% yields and 4 : 1 diastereomeric ratio.11

The methodology was then employed to synthesize several
bioactive compounds. We utilized 20 to synthesize stilbene
derivatives 37–39. The compound 37 (DMU-212) exhibited
superior activity in colon cancer than resveratrol.12 The stil-
benes 38, 39 have showcased potent inhibition to the growth of
Fig. 3 Diversification of alkenyl boronate ester. Reaction conditions: [a]
100 °C, 36 h, N2; [c] 20, CuSO4$5H2O, NaBr, MeOH, 50 °C, 12 h, N2; [
molecular sieves, neat, rt, 16 h; [f] 2, 4-methoxystyrene, fac-Ir(ppy)3, CH2C
20, 4-iodoanisole, Pd(OAc)2, PPh3, Na2CO3, PhMe/EtOH/H2O, 100 °C, 2
100 °C, 24 h, N2; [i] 20, 2-chlorobenzothiazole, Pd(PPh3)4, NaOH, dioxan
PhMe/EtOH/H2O, 100 °C, 24 h, N2; [k] 40, BBr3, CH2Cl2, -78 °C to rt, 12

© 2024 The Author(s). Published by the Royal Society of Chemistry
human cancer cells.13 The antioxidant and anti-carcinogenic
pterostilbene 40 14 was synthesized in 64% yield via the
Suzuki–Miyaura coupling of 19 and 4-bromophenol. The methyl
deprotection of pterostilbene 40 furnished anti-carcinogenic
drug resveratrol 41.15

Sets of kinetic, isotope labeling, control experiments, and
high-level computation studies were then performed to gain
detailed insight into the reaction mechanism. A proposed
mechanism is depicted in Fig. 4a, and corresponding energies
for the viable intermediate and transition states are shown in
Fig. 4b. Upon treatment with KHMDS, Mn3 underwent ther-
modynamically downhill dehydrohalogenation, followed by the
loss of one CO ligand, resulting in a pentacoordinate Mn(I)-
complex I. The thiophene arm is bound to the Mn-center in the
computed structure, resulting in a distorted trigonal pyramidal
geometry across manganese (Y-shaped TBP), where the CO–
Mn–CO bond angle is 94.38°. Such deviation (from the ideal
120°) is attributed to a strong p-donor amido ligand trans to the
CO–Mn–CO that shortens the Mn–N bond (1.86 Å). As an
outcome of this geometrical inuence, all six electrons on
manganese are paired, and the ground state remains on the
singlet spin surface. Experimentally, the formation of this
complex was proved by two new CO stretching frequencies
(1921 and 1793 cm−1) in the IR spectra of Mn3 upon treatment
of KHMDS (Section S8.9†). We have encountered similar
manganese intermediate in our previous studies.9a,b

Then HBpin activation occurs across the Mn-amido bond
through TS-I, having a transition barrier of 11.39 kcal mol−1

from intermediate I. The crucial part of this activation is the
pivotal role of the Mn–N bond that switches back to predomi-
nantly s-donor mode, reected in the increased Mn–N bond
length (2.05 Å) in intermediate II. During this step, a manganese
hydride forms, whose formation is also traced by 1H NMR
spectroscopy, showing a resonance at −14.07 ppm (Section
S8.10†).
20, Oxone®, acetone/H2O, 0 °C, 2 h; [b] 20, CuCl2, THF/MeOH/H2O,
d] 20, I2, NaOH, THF, rt, 1 h; [e] 20, allyl alcohol, Cu(OAc)2, NEt3, 4 Å
l2, 456 nm blue LED, 25 h, Ar then NaBO3$4H2O, THF/H2O, rt, 10 h; [g]

4 h, N2; [h] 20, 2-iodobenzothiophene, Pd(PPh3)4, NaOH, 1,4-dioxane,
e, 100 °C, 24 h, N2; [j] 19, 4-bromophenol, Pd(OAc)2, SPhos, Na2CO3,
h, N2.

Chem. Sci., 2024, 15, 1098–1105 | 1101
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Fig. 4 (a) Proposed pathway, and (b) potential energy surface for Mn-catalyzed acceptorless dehydrogenative borylation of olefins.
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The proposed N–Hmetal–ligand bifunctionality in activating
the B–H bond is then experimentally probed. We have prepared
the Mn(I)-complexMn4, having an N–Me substitution instead of
N–H as in Mn3 (Section S2.1–2.2†).10 When the reaction was
performed using Mn4, a poor 20% isolated yield of 2 was ob-
tained (Fig. 5a). The lower yet unignorable amount of product
formation hints at a relatively high-energy reaction channel
different from our proposed mechanistic sketch. Plausibly, the
deprotonation of the quinolinyl CH2 group would lead to (de)
aromatization of the quinolyl motif, enabling bond activation,
as demonstrated earlier by Milstein.16

In the next stage of the catalytic cycle, the hemilabile thio-
phene arm detaches from the metal center to vacate a site for
incoming substrate. It leads to intermediate III (Fig. 4).
Recently, we delineated the hemilability of the sulfur-
containing arm in hydrogen transfer reactions.9 To probe
whether the weak (de)coordination of sulfur-arm is operative in
this catalysis, we have prepared the Mn(I)-complex Mn5, where
the sulfur atom in Mn3 has been replaced with weakly polar-
izable oxygen (Fig. 5a, Section S2.1–2.2†). Mn5 as a catalyst
signicantly reduces the yield of 2. The hemilabile behavior is
further probed by applying exogenous strong Lewis basic ligand
PCy3, which resulted in a poor yield of 2 with an increasing
amount of the external ligand (Section S8.3†).
1102 | Chem. Sci., 2024, 15, 1098–1105
Then, adding HBPin to intermediate III leads to the forma-
tion of IV, featuring a h1-HBPin ligand (Fig. 4). This HBPin
coordination step is energetically uphill by 6.15 kcal mol−1. The
follow-up step overcomes a transition barrier of 23.55 kcal-
mol−1 via TS-II to afford intermediate V, featuring h2-dihy-
drogen coordinated to Mn. This step possesses the highest
computational barrier of potential energy surface, indicative of
the rate-determining step. We have explored the temperature
dependence on the rate constant (Fig. 5b). The Eyring analysis
provided DG(298) = 23.3 ± 2.9 kcal mol−1, which is in excellent
agreement with the computed value.

We have probed it further by the kinetic isotope effect
analysis (Fig. 5c, eqn (i)). The reaction with DBpin (kD = 3.82 ×

10−3 M min−1) is slower than HBpin (kH = 9.13 × 10−3

M min−1). The KIE (kH/kD) of 2.39 suggests that the B–H bond
session is likely to be involved in the rate-determining, i.e., the
slowest step of the reaction. The theoretically calculated KIE
(kH/kD) value of 2.7, also aligned with the experimental value.17

For the KIE consideration, contribution from changes in the
isotopic partition function was ignored and changes in zero-
point energy was included solely.

Since the substrate alkene is not involved in this step, its
electronic nature would have little inuence on this step. In
strong support of this assertion, the Hammett correlation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanistic studies. [a] Probing metal–ligand bifunctionality and hemilability, [b] Eyring analysis, [c] kinetic isotope effect analysis, [d]
Hammet analysis, [e] deuterium labeling studies, [f] control experiment.
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studies disclose the reaction to be slightly biased towards the
electron-donating substrates regarding yields and chemo-
selectivity. At the same time, the electronic effect was minimal
(r = −0.60) on the reaction rate (Fig. 5d).

Furthermore, we performed deuterium labeling studies with
42-d and HBpin (Fig. 5e, eqn (i)). It resulted in a little <5%
deuterium scrambling, implying that the Mn–H addition across
the alkene double bond is not taking place and the formation of
8 is irreversible. The same conclusion could be derived by
employing DBpin as the reagent, which does not result in
deuterium incorporation in product 8 (Fig. 5e, eqn (ii)). The
addition of alkyl boronic ester 3 under the standard reaction
conditions with or without HBpin does not yield alkenyl boronic
ester 2 (Fig. 5f). It concludes that 3 is not an intermediate for the
reaction and that 2 does not form via the dehydrogenation of 3.

We note that, unlike dehydrogenative silylation by the Xie
group,4b the possibility of radical-promoted activation of HBPin
does not exist here. In the previous case, the starting manga-
nese species is Mn(0), which, being a metalloradical, facilitates
© 2024 The Author(s). Published by the Royal Society of Chemistry
a hydrogen atom transfer from substrate silane to generate
Mn(I)-hydride and silyl radical. In contrast, the present scenario
represents a Mn(I) species with an explicit exhibition of M–L
bifunctional motif,18 nullifying the probability of radical-
mediated bond activation.

Additionally, the possibility of in situ conversion of Mn(I) to
Mn(0) was discarded by employing Mn2(CO)10 in combination
with L3. This led to 30% yield of the saturated hydroboration
product with a trace of alkenyl boronate ester (Section S8.2†).

In the next stage, H2 is released from V, which leads to
intermediate VI (Fig. 4). This H2 release is energetically down-
hill from h2-dihydrogen bound intermediate by 9.64 kcal mol−1.
Encouragingly, GC analysis of the reaction tube's headspace
conrmed the liberation of H2 gas (Section S8.1†).

The thiophene arm then detaches to give intermediate VII,
and styrene binds to the vacant manganese site in an h2-
fashion, leading to intermediate VIII. Boryl migration to the
terminal carbon site of olen results in a 16e− Mn complex IX,
which further reorganizes and gives a comparatively low energy
Chem. Sci., 2024, 15, 1098–1105 | 1103
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intermediate X, stabilized by C–H agostic interaction. A close
look at the optimized intermediate X reveals a stretched C–H
bond (1.15 Å), validating such agostic interaction. Also, in X, the
distance between Mn-center and that alkyl hydrogen is 1.93 Å,
and the M–H–C bond angle is 97.77°. This C–H agostic inter-
action provides a proper platform for the subsequent b-hydride
elimination step, resulting in the desired ADB product
traversing through TS-IV, with an energy barrier of
11.65 kcal mol−1. Liberation of the product returns the catalyst's
resting state, and further binding of the second molecule of
HBpin ensues to keep the process catalytic.

We further determined the kinetic isotope effect in the
process where the styrene was deuterium labeled (Fig. 5c, eqn
(ii)). The KIE (kH/kD) of 1.74 with 42 (kH = 9.13 × 10−3 M min−1)
and deuterated substrate 42-d (kD = 5.26 × 10−3 M min−1)
indicates that the C–H bond cleavage of the alkene substrate
might not be involved in the RDS. This experimental data
further corroborates well with the computational insight where
b-hydride elimination is less energy-demanding and not part of
a rate-determining step. Although it is not part of the rate-
determining step, the b-hydride elimination step determines
the E-selectivity (Section S9.1†). Intermediate X is the most
stable intermediate compared to intermediate XA or XB, which
leads to the Z- and geminal-isomer, respectively. Also, TS-IV
possesses a lower transition barrier than the other two (TS-IVA
and TS-IVB) corresponding to other regioisomers. An alternative
pathway has been discussed in detail in the ESI (Section S9.2†).

Conclusion

In summary, we have disclosed a synthetic protocol for alkenyl
boronate esters via the dehydrogenative coupling of alkenes
with pinacolborane. The chemo-, stereo-, and regioselective
reaction was catalyzed by Mn(I)-complex possessing a multi-
functional phosphine-free ligand architecture. Hydrogen gas is
produced as the only byproduct and is liberated without an
acceptor. Following the established protocol, derivatives of
different natural products and drug molecules were fabricated
in good yields. Furthermore, alkenyl boronate esters were
employed as precursors to drugs like resveratrol, pterostilbene,
and other potential anticancer agents. The functionalization of
boronate esters via oxidation, halogenation, etherication, and
photochemical [2 + 2] cycloaddition led to the corresponding
products in good yields and excellent stereocontrol. Detailed
experimental and high-level computation studies were per-
formed to delineate the reaction pathway. The metal–ligand
bifunctionality and hemilability of the thiophene arm are
crucial to the catalyst's success. The deuterium labeling studies
and other kinetic experiments aligned with the computational
analyses and suggest that the B–H bond cleavage of pina-
colborane is involved in the rate-determining step.

Data availability

The ESI† includes all experimental details, including optimi-
zation of the synthetic method, synthesis, and characterization
of all starting materials and products reported in this study, and
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mechanistic studies. NMR spectra of all products, crystallog-
raphy, and computation details are included as well.
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