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A novel N-heterocyclic carbene (NHC)-promoted regiodivergent
protocol for exo (2-OH) and endo (5-OH) isosorbide (IS) imidates
synthesis is described. The disclosed strategy allows the
straightforward synthesis of monoimidate-isosorbides (Mlls)
endowed with the biologically relevant benzothiazole (BTA)
moiety under mild oxidative conditions, starting from easy-
accessible aldimines. Process optimization encompassed the
use of stoichiometric diquinone as well as atmospheric oxygen
as oxidant species, focusing on reaction dichotomy between
oxidative and oxygenative pathways. The reaction scope was
investigated on a representative selection of BTA-containing

Introduction

Benzothiazole (BTA) ring system is a common heterocyclic
scaffold in many natural and/or synthetic products with proven
biological and pharmacological properties,™? such as antimicro-
bial, fungicide, anticancer, antioxidant, anti-inflammatory, an-
algesic, antiviral, anticonvulsant, antitubercular, antidiabetic,
antileishmanial, antihistaminic, antimalarial, antidepressant, as
well as enzyme and receptor agonists/antagonists. Other than
this, some BTA derivatives proved active against neurodegener-
ative diseases.”

As cases in point, Erythrazole B is a typical example of a
naturally occurring BTA derivative showing cytotoxicity against
diverse non-small cell lung cancer (NSCLC) cell lines,” while
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aldimines and further extended to congeners bearing different
biologically pivotal N-heterocyclic rings (benzoxazole, thiazole
and isoxazole), observing good levels of yield (up to 87 %) and
regioselectivity (exo/endo up to 10.0; endo/exo up to 7.0).
Furthermore, the employment of an immobilized-NHC under
heterogeneous conditions was assessed, showing satisfactory
selectivity towards exo-Mlls (exo/endo=3.8). Overall, the meth-
odology presented provided an unprecedented collection of
high value-added products with potential applications in differ-
ent fields.

synthetic BTA-sulfonamides have demonstrated effective activ-
ity against Gram positive bacteria.”’ Riluzole is currently
marketed for the treatment of amyotrophic lateral sclerosis
(ALS),”® Pittsburgh compound B is used as a positron emission
tomography (PET) imaging agent for Alzheimer’s disease (AD),”
and Benthiavalicarb-isopropyl® is a commercially available
fungicide (Figure 1).

Something that is equally remarkable is the key role that
BTA compounds may play in the area of functional materials.”’

Seeing the value of BTA derivatives, the development of
novel synthetic methods to access BTA-based compounds
remains valuable.'” In this context, N-heterocyclic carbene
(NHQ) catalysis represents a suitable strategy for the preparation
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Figure 1. Representative examples of biologically relevant BTA derivatives.
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of molecules endowed with a BTA moiety. Thus, BTA-based a-
aminoketones were conveniently prepared by Chi et al. through
NHC-catalyzed aza-benzoin reaction between N-sulfonylimines
and benzothiazole-2-carboxaldehydes.™

In the field of oxidative NHC-catalysis,'? 2-substituted
benzothiazole compounds were conveniently assembled from
2-aminobenzenethiol and aldehydes under aerobic conditions
(Scheme 1a)."¥ Direct oxidative amidation of aldehydes with 2-
aminobenzothiazoles in the presence of Kharasch oxidant 7 was
reported by Biju group (Scheme 1b)™ while Huang et al.
described a LiCl-assisted aerobic route to BTA amides from 2-
aminobenzothiazole-derived imines (Scheme 1c).l"!

2-Aminobenzothiazole-derived imines were further em-
ployed in aerobic oxidative reactions with alcohols and amines
paving the way to the preparation of BTA-containing imidates
and amidines, respectively (Scheme 2a)."® This strategy features
the use of sodium pyruvate (SP) as a novel peroxide scavenger
to selectively address the reaction pathway towards the
oxidative one. Importantly, the imidate and amidine motifs are
found in pharmaceutically relevant molecules,"” in addition to
being key synthons for a number of synthetic
transformations."® In particular, BTA-functionalized imidates
and amidines may find application as ligands in metal catalysis
and fluorescent dyes due to their peculiar structural and
electronic features."”

On these grounds and inspired by our continuous interest
in biomass valorization through organocatalytic processes,™
we anticipated that conjugation of a bio-based feedstock with
the biologically relevant BTA and/or imidate (amidine) moieties
would allow high value-added products for possible use in the
typical fields of application of either benzothiazoles or imidates
(amidines).

A typical bio-based platform chemical is isosorbide (IS,
1,4:3,6-dianhydro-D-glucitol or 1,4:3,6-dianhydrosorbitol), a
GRAS (generally recognized as safe) renewable diol industrially
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Scheme 1. Synthetic approaches to 2-substituted BTA compounds and BTA
amides via oxidative NHC-catalysis.
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Scheme 2. NHC-catalyzed oxidative strategy to access BTA-containing
imidates (amidines) (a) and this work (b).

obtained from glucose via a hydrogenation/dehydration
route.?" IS is constituted by two cis-fused tetrahydrofuran rings
(V-shaped molecule) appended with two nonequivalent secon-
dary hydroxyl groups in endo (5-OH) and exo (2-OH) config-
urations (Figure 2), having different chemical behaviour: due to
intramolecular hydrogen bonding with the oxygen atom of the
opposite tetrahydrofuran ring, the endo-5-OH is a better
nucleophile than the exo-2-OH, while being more sterically
hindered.”? IS has been widely used as the key precursor for
the manufacturing of diverse high value-added derivatives,
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Figure 2. Structure of IS and its representative monoprotected derivatives.
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including catalysts,'”® polymers,?* plasticizers,” surfactants,*

as well as pharmaceuticals.””

In this respect, the preparation of IS-based compounds
often goes through the regioselective functionalization of the
2- and 5-hydroxyl groups, as the corresponding exo- and endo-
derivatives are expected to display different physicochemical
and biological properties. As a matter of fact, regioisomeric IS-
derived vinyl monomers have been shown to provide polymers
with different physical properties (Figure 2A),*® while the
clinically used isosorbide-5-mononitrate (IS-5MN) displays a
better pharmacokinetics compared to isosorbide-2-mononitrate
(IS-2MN) (Figure 2B).”*

Recently, we have demonstrated that oxidative NHC-
catalysis can be efficiently used as the organocatalytic platform
for the regiodivergent monoacylation of IS with aldehydes at
either the endo- and exo-positions, using diquinone 7 as the
oxidant.”® In continuation of this work and inspired by the
studies of Fu and Huang (Scheme 2a),"® we speculated that
isosorbide could be utilized as a nucleophile in NHC-catalyzed
oxidative reactions with 2-aminobenzothiazole-derived aldi-

mines (Scheme 2b). We report herein the results of our
investigations, which gave access to a library of unprecedented
BTA-based endo- and exo-monoimidate-isosorbides (Mlls) with
good vyields and regioselectivities. It is highlighted that the
developed methodology has proved to be very versatile, being
effectively extended to aldimines containing N-heterocyclic
rings other than benzothiazole (i.e. benzoxazole, thiazole,
isoxazole). Notably, the great structural variability that can be
obtained at the imine level allows isosorbide to be endowed
with extremely varied imidate functions, which could be useful
in terms of new drug/materials design and synthesis.

Results and Discussion

The regioselective synthesis of monoimidates 3a and 4a
starting from isosorbide 2 and aldimine 1a was selected as the
benchmark, using diquinone 7 as stoichiometric oxidant and a
suitable base for pre-catalysts A-C activation (Table 1). Our
investigation started from reaction conditions which revealed

Table 1. Optimization Study with Diquinone 7 as Oxidant.”

O

L

N
\
t@ (Rt
NHC-HX s o
P gf) 7 (100 mol%) 0" pp
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| —~ Anhydrous Solvent 21) \N
Ph H BH Ar, RT, Time N:(
1a 2 S
4a 5a
Entry NHCHX [mol %] Base [mol %] Solvent t [h] 3a[%]” 4a [%]® 5a [%]"
1 A (20) DBU (30) THF 3 41 30 /
2 A (20) DBU (30) DCM 1 85 15 /
3 A (10) DBU (25) DCM 1.5 85 15 /
4 A (5) DBU (20) DCM 3 85 13 /
5 B (20) Et;N (30) DMSO 2 30 53 5
6 B (20) DBU (30) DMSO 35 43 57 /
7 B (20) Et;N (30) DMF 3 47 53 /
8 B (20) DBU (30) DMF 2 24 67 9
9 B (10) DBU (25) DMF 3 20 75 5
10 B (5) DBU (20) DMF 5 27 62 /
11 B (10) DBU (25) DMA 24 23 42 /
12 B (10) DBU (25) NMP 6 14 75 /
13 A (10) DBU (25) NMP 5 33 57 10
14 B (10) DBU (25) DCM 5 75 23 2
15 c(10) DBU (25) NMP 6 31 61 8
16 c(10) DBU (25) DCM 5 71 19 /
17 D (10) DBU (25) DCM 6 75 20 /
° N
o, Q—\ ® Qj o o
F
A B o3 D (f: 0.42 mmol g°")

[a] 1a (0.20 mmol), 2 (0.60 mmol), anhydrous solvent (2.0 mL). [b] Detected by 'H NMR of the crude reaction mixture with durene as the internal standard.
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to be effective for the exo-selective acylation of 15,%° using a

three-fold excess of IS to minimize the formation of diimidate
byproduct 5a. Reaction run in anhydrous THF, at room temper-
ature, using triazolium salt A (20 mol%) in combination with
1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) led, after 3 hours, to
partial aldimine conversion with low regioselectivity (exo-Mll
3a, 41%; endo-Mll 4a, 30%. Entry 1). Solvent change to DCM
led to full conversion and improved regioselectivity, reducing
reaction time (exo-MlIl 3a, 85%; endo-Mll 4a, 15%. Entry 2).
Excellent levels of conversion and selectivity were retained
lowering the pre-catalyst loading up to 5 mol% (entries 3-4),
representing the best conditions for the synthesis of exo-
derivatives (exo-MIl 3a, 85%; endo-Mll 4a, 13%. Entry 4). At this
stage of the study, the reaction conditions towards the selective
synthesis of endo-MIl 4a were screened. In our previous
contribution,”™ we observed that the selectivity towards endo-
IS monoesters was mainly favored by solvents with strong
hydrogen-bond-accepting (HBA) character, due to 5-OH nucleo-
philicity enhancement by intermolecular hydrogen bonding
interactions. These findings prompted us to evaluate the
solvent effect in the synthesis of IS-imidates, using DMSO and
pre-catalyst B (20 mol%), which was found to be the most
effective combination for endo-acylations. A selectivity switch to
endo-MIl 4a was observed under these conditions, using both
Et;N and DBU (entries 5-6) as bases.

The replacement of DMSO with DMF (entries 7-8) afforded
poor selectivity using Et;N as the base and enhanced
regioselectivity using DBU, although low amounts of byproduct
5a were detected (exo-Mll 3 a, 24%; endo-Mll 4a, 67 %; 5a, 9%.
Entry 8). Reduction of pre-catalyst loading to 10 mol% led to
increased selectivity (exo-MIl 3a, 20%; endo-MIl 4a, 75%.
Entry 9), while further decrease to 5 mol% resulted in longer
reaction time with slight regioselectivity erosion (entry 10).
Next, we wondered if the use of DMF-like solvents could
improve the process regioselectivity. For this reason, DMA and
NMP were screened, leading to longer reaction time and low
selectivity for the former (exo-MIl 3a, 23%; endo-Mll 4a, 42%.
Entry 11), and excellent endo selectivity for the latter (exo-MIl
3a, 14%; endo-Mll 4a, 75%. Entry 12). As a result, the reaction
conditions highlighted in Entry 12 (Table 1) were the most
performing for endo-derivatives production. In order to gain
more insights on the regioselective control, catalyst and solvent
effect was investigated. Pre-catalysts A and B were respectively
screened in NMP (entry 13) and DCM (entry 14), which were
selected as the best solvents for endo- and exo-MIl production.
As a result, triazolium salt A showed endo-selectivity in NMP,
while pre-catalyst B led to preferential formation of exo-MIl 3a
in DCM. A clear selectivity switch was observed moving from
DCM to NMP for pre-catalyst A (entry3 vs entry 13) and B
(entry 14 vs entry 12), confirming the strong influence of
solvent hydrogen-bond-accepting (HBA) character on the
regioselectivity. As reported in our previous contribution,®* it
can be hypothesized that the reaction preferentially occurs at
the less sterically hindered exo-2-OH in solvents with poor HBA
character because of the intrinsic bulkiness of the imidoyl
azolium intermediates, while involvement of the more nucleo-
philic endo-5-OH occurs when intermolecular hydrogen-bond-
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ing interactions are activated by the presence of a suitable
coordinating solvent and/or counterion (Scheme 3). At the
same time, catalyst effect was less determining, but not
negligible. Indeed, under the same reaction conditions (entry 3
vs entry 14 and entry 12 vs entry 13), triazolium salt A was more
selective towards exo-MIl while B was more selective towards
endo-derivatives. Finally, the observed solvent/catalyst effect
trend was confirmed in the screening of mesityl-substituted
pre-catalyst C, which afforded preferentially endo-Mll 4a in NMP
(entry 15) and exo-Mll 3a in DCM (entry 16) with lower levels of
selectivity.

Once established the optimized regiodivergent conditions
for the homogeneous process, the utilization of a heteroge-
neous immobilized NHC was considered. NHC immobilization
typically enables for easy catalyst separation/recycling and may
limit carbene deactivation caused by air and moisture, therefore
enhancing the overall productivity and sustainability of the
process.”” For these reasons, the polystyrene-supported pre-
catalyst D was prepared, starting from commercial Merrifield
resin, according to literature procedure.”® The immobilized
triazolium salt revealed to be highly active and selective
towards exo-Mlls (exo-MIl 3a, 75%; endo-Mll 4a, 20%. Entry 17),
affording similar results compared to its homogeneous counter-
part (pre-catalyst A), with longer reaction time. Although
satisfactory levels of regioselectivity were achieved using the
immobilized pre-catalyst, the homogeneous process was faster
and more selective (entry 4).

With the optimized regiodivergent conditions in our hands,
the use of air as terminal oxidant was considered. As shown in
Scheme 4, under aerobic conditions two competitive reaction
pathways, oxidative and oxygenative, coexist.'®*" The former
leads to target IS-imidate while the latter affords undesired
amide 6, therefore an efficient strategy for suppression of the
oxygenative route is needed. In details, oxidative pathway can
proceed via direct oxidation of aza-Breslow intermediate by
diquinone 7%? or through nucleophilic addition of the aza-
Breslow species to O, forming a peroxidic species which is in
turn converted to the imidoyl azolium after removal of the
peroxide moiety, as recently reported by Fu and Huang
(Scheme 4, orange pathway)."® Final nucleophilic attack of IS to
the electrophilic imidoyl azolium affords the target imidate

Y = solvent or acyl azolium counterion
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Scheme 3. Tentative rationalization of the origin of regioselectivity in NHC-
catalyzed IS-imidates synthesis (HBA: Hydrogen-Bonding-Accepting).
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compound. Differently, oxygenative pathway goes through the
nucleophilic addition of the peroxidic intermediate to another
molecule of aldimine 1, affording finally two molecules of
amide 6."'9 An alternative oxygenative route calling for
reduction of the peroxidic species by the aza-Breslow inter-
mediate could not be ruled out, as reported in different works
(Scheme 4, grey route).’® Notably, working under aerobic
conditions required the addition of 4 A molecular sieves, in
order to remove water traces contained in atmospheric air
which could hydrolyze the starting aldimine and compete with
IS nucleophilic attack.

Based on these premises, the aerobic process was optimized
(Table 2). First, the biomimetic system of electron-transfer
mediators (ETMs) developed by Backvall® and Sundén®
groups was tested in the model reaction between imine 1a and
IS. By this strategy, imidoyl azolium formation is triggered by
catalytic diquinone 7 (10 mol%), which is reduced to the
corresponding diol 7’ (Scheme 4, blue box), next reoxidized to 7
by atmospheric oxygen in the presence of catalytic iron(ll)
phthalocyanine 8 (5 mol%).”* In our first attempt, using pre-
catalyst A (10 mol%) with DBU (25 mol%) in DCM, full imine
conversion was detected after two hours, with good exo-
selectivity (exo-MIl 3a, 77%; endo-MIl 4a, 16%. Entry 1) and
little amounts of amide 6a (5%). Reduction of pre-catalyst
loading (entry2) led to longer reaction time and lower
conversion/selectivity, with formation of benzoic acid as by-
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product (12%). This behavior could be ascribed to imine
hydrolysis and subsequent NHC-oxidative promoted conversion
of benzaldehyde into benzoic acid. ETMs system was also
effective for selective endo-Mll synthesis, employing pre-catalyst
B (10 mol%) and DBU (25 mol%) in NMP (exo-MIl 3a, 14%;
endo-MIl 4a, 54%. Entry 3), even though longer reaction time
(24 h) was needed and increased formation of 6a (11%) was
detected. At this stage, the direct use of pure oxygen as sole
oxidant (balloon technique, 1 bar) was evaluated, using pre-
catalyst A (10 mol%) with DBU (25 mol%) in DCM (entry 4). Full
imine conversion was observed after 16 h, with preferential
formation of undesired amide 6a (68 %; entry 4), thus indicating
a preferred reaction kinetics associated to the oxygenative
pathway for the conversion of the aza-Breslow intermediate
(Scheme 4). In order to favour the oxidative pathway over the
oxygenative one, inspired by the recent publication by Fu and
Huang (Scheme 2a),"® the use of stoichiometric sodium
pyruvate (SP) as peroxide scavenger was assessed. According to
this work, pyrrolidine-based pre-catalyst C (Cl~ salt instead of
BF,” salt used by the authors) was tested in THF with different
bases, showing poor exo-selectivity accompanied by important
amounts of undesired amide 6a (27 %, entry 5; 84 %, entry 6).
Solvent change to DCM using DBU as the base allowed for
better selectivity with substantial reduction of oxygenative
byproduct (exo-MIl 3a, 53%; endo-MIl 4a, 14%; 6a, 8%.
Entry 7). Finally, pre-catalyst A screening led to negligible
results using different amounts of base (entries 8-9).

Although promising results were achieved under aerobic
conditions, especially using the ETMs system (entries 1, 3), the
regiodivergent protocol based on the use of stoichiometric
diquinone 7 (Table 1) was selected for the study of the reaction
scope. In this regard, it is important to stress that diol 7', which
is produced from diquinone 7 during the process, can be
quantitatively reoxidized to 7 with air in the presence of
catalytic phthalocyanine 8, as detailed in the experimental
section. Hence, the regioselective synthesis of IS-imidates was
next examined with the representative classes of aldimines 1 to
produce an unprecedented library of exo-Mlls and endo-Mlls.
First, exo-derivatives were synthesized (Table 3) under the
optimized conditions of Table 1 (entry 4), starting from aromatic
2-aminobenzothiazole-derived aldimines (1a-f). o-Chlorophenyl
and o-methoxyphenyl BTA-imines afforded the corresponding
exo-Mlls 3b,c respectively with excellent and discrete yields.
Selectivities were excellent in both cases, but increased
amounts of competitive oxygenative byproduct 6 c (32%) were
recorded for the o-methoxyphenyl substituted imine, probably
due to longer reaction time (5 h). Imines bearing para-electron-
withdrawing and para-electron-donating groups on the phenyl
moiety (1d,e) revealed to be highly reactive, giving comparable
levels of yield and regioselectivity, with traces of diimidate 5d
(4%) in the first case and longer reaction time for 1e (7 h).
Prolonged reaction time (48 h) was needed also for the furanic
imine 1f, derived from biobased furfural, leading to exo-imidate
3f. At this stage, the study was extended to imines containing
different biologically relevant N-heterocycles (1g-i), widening
the methodology versatility. 2-aminothiazole-derived imine 1g
afforded the corresponding exo-MIl 3 g with 74% yield and exo/

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 2. Optimization Study Under Aerobic Conditions.”

s
HO H N\
e}
N\ Ph)\ ] H
NHC-HX o oh s o)
N/Q HQ H Base H b N o
! 2O oxid 0 N
LT o
| 0"~/ Anhydrous Solvent \N s” i
Ph H DH Air, RT, Time Ne
1a 2 S 6a
4a 5a

Entry NHCHX [mol %] Base [mol %] Oxidant Solvent t [h] 3a [%]" 4a [%]® 5a [%]" 6a [%]"
1 (10) DBU (25) Air, 7/8 DCM 2 77 16 / 5
2 A (5) DBU (20) Air, 7/8" DCM 5 53 12 / 8
3 B (10) DBU (25) Air, 7/8" NMP 24 14 54 / 11
4 A (10) DBU (25) 0O, DCM 16 24 8 / 68
5t C (20) NaOAc (150) Air THF 16 15 10 / 27
6 C (20) DBU (150) Air THF 16 10 6 / 84
7% C (20) DBU (150) Air DCM 5 53 14 / 8
8™ A (20) DBU (150) Air DCM 5 20 16 / 55
9tel A (20) DBU (30) Air DCM 16 37 8 / 55

W

Foh

c)

[a] 1a (0.20 mmol), 2
the internal standard. [c] 7 (10 mol%), 8

(0.60 mmol), anhydrous solvent (2.0 mL), 4 A molecular sieves. [b] Detected by 'H NMR of the crude reaction mixture with durene as
(5 mol%). [d] Benzoic acid as byproduct (12% yield, NMR analysis). [e] SP (0.2 mmol) as peroxide scavenger.

endo=6.1, while 2-aminobenzoxazole-derived exo-MIl 3h was
obtained with the highest levels of yield and selectivity
achieved (87 % yield, exo/endo=10.0). Finally, isoxazole-contain-
ing imine 1i was poorly converted after 48 h with low
selectivity.

Next, endo-Mlls reaction scope was investigated (Table 4),
under the optimized conditions of Table 1 (entry 12). The same
collection of starting aldimines was screened obtaining different
values of reaction yield (58-80%) and regioselectivity (endo/
exo=7.0-2.0). These results were comparable to those of the
benchmark reaction, apart from isoxazole-derivative 4i which
was produced with poor yield (12%) and selectivity (endo/exo=
1.8). The best results were collected for o-chlorophenyl
substituted imine 1b, which afforded MIl 4b with 80% yield
and endo/exo=7.0.

Conclusion

In summary, we have described the unprecedented regioselec-
tive synthesis of endo- and exo-monoimidate-isosorbides (Mlls)
endowed with the biologically relevant BTA moiety through
oxidative NHC catalysis. The disclosed strategy allowed for
good levels of endo- and exo-selectivities with a representative
selection of aldimines, and could be further extended to
different biologically pivotal N-heterocyclic rings such as
benzoxazole, thiazole and isoxazole. To the best of our knowl-
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edge, this study represents the first example of regioselective
straightforward functionalization of isosorbide with biologically
relevant N-heterocyclic moieties. Bearing in mind the growing
interest in feedstocks valorisation together with the central role
of BTA and imidate motifs in the pharmaceutical and material
fields, further investigations on physicochemical and biological
properties of the synthesized library of exo- and endo-Mlls will
be carried out in future studies, evaluating potential applica-
tions in different fields.

Experimental Section

General experimental conditions

All moisture-sensitive reactions were performed using oven-dried
glassware under an Argon atmosphere. Anhydrous solvents were
freshly distilled and dried over a standard drying agent prior to use.
Reactions were monitored by TLC on silica gel 60 F,;, with
detection with phosphomolybdic acid. Flash chromatography was
performed on silica gel 60 (230-400 mesh). 'H (300 MHz), "C
(101 MHz) NMR spectra were recorded in CDCl; at room temper-
ature. The chemical shifts in 'H and C NMR spectra were
referenced to tetramethylsilane (TMS). Peak assignments were
aided by 'H'H COSY and gradient-HMQC experiments. For high
resolution mass spectrometry (HRMS) the compounds were
analyzed in positive ion mode using an Agilent 6520 HPLC-Chip Q/
TOF-MS (nanospray) with a quadrupole, a hexapole, and a time of
flight unit to produce the spectra. The capillary source voltage was

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 3. Regioselective synthesis of exo-Mlls 3 a-i.”’ Table 4. Regioselective synthesis of endo-Mlls 4 a-i.”’
. HO PREN
= HE A (5 mol%) . o . B (10 mol%) v i
VRN H DBU (20 mol %) 77 HO DBU (25 mol %) N\ N
N / =0 7 (100 mol%) : NEYOD o p'
sl T o J, %y o O
_—
N~ "X 0~/ Anhydrous DCM O\\< N7 X * o Anhydrous NMP \
g A bn ALRT N | T qH
R OH > ) H ©BH ArRT i
2 N:( R = 0.
a-i 2 3¢ X 1a-i
,r . Y [ 2
k\‘Q”’J 4 H bH
HO H HO o
o) -0
N\ N\
0~ o=~/ Ms Mg
A o A b N N
\ \N Cl \ cl \
N o [e]
H H
N:{ N=( - o o)
S S
3a, 80% 3b, 85% 0T~/ 0
exo:endo = 6.5 exo:endo = 8.0 H ‘bH H ’bH
4a, 70% 4b, 80%
HO H HO H cl endo:exo =53 endo:exo=7.0
07 Q 07 N N
Hoo H o \ \
N O N N)\s N/Ls
N=( N=( ~o0 \ \
S S e H Q H
3cll, 54% 3d, 76% e} o]
exoendo =7.0 exo:endo = 6.1
07 & 0T
HO HO H oH H o
B O— 2
2 5 2 o 4c, 74% 4d, 58%
o endo:exo = 3.9 endo:exo = 2.0
¢} - . o = " —
H o H o
\N \N N\ N\
N n=( X X
S S N N
3e, 76% 3f, 74% \ o \ o
exo:endo = 6.6 exoendo = 4.9 t' o o \ t' o
- 8 -
HO HO y o 0T/ o
0 ) H  oH H  oH
| 4e, 64% 4af, 74%
071 07 endo:exo = 3.2 endo:exo = 4.9
H o H o
\ \
N‘(N N N/%
S N=—
(s 39.74% *g 3h, 87% s N
exo:endo = 6.1 exo:endo = 10.0 N\ N)\O
(0] H \
ge] o H
HO -0,
Ee) °E
H OH S
o0 H oH
ﬁ' B 49, 70% 4h, 69%
0 N endo:exo = 4.1 endo:exo = 3.8
N
N=(" 3i,13% N
O_ > exoendo=37 )\\/>
N\
[a] 1a-i (0.20 mmol), 2 (0.60 mmol), anhydrous DCM (2.0 mL); isolated 0y
yields; selectivity detected by 'H NMR of the crude reaction mixture. [b] ENe)
Oxygenative byproduct 6 c was isolated with 32% yield. [c] Diimidate 5d
was isolated with 4 % yield. o/
H  oH
4i,12%
. endo:exo =18
set at 1700 V; the gas temperature and drying gas were kept at
- -
350°C and 5L min™’, respectively. The MS analyzer was externally [a] 1a-i (0.20 mmol), 2 (0.60 mmol), anhydrous NMP (2.0 mL); isolated
calibrated with ESI-L low concentration tuning mix from m/z 118 to yields; selectivity detected by 'H NMR of the crude reaction mixture.

2700 to yield accuracy below 5 ppm. Accurate mass data were

collected by directly infusing samples in 40/60 H,O/ACN 0.1% TFA
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into the system at a flow rate of 0.4 uL min~'. Elemental analyses
were performed using a FLASH 2000 Series CHNS/O analyzer
(ThermoFisher Scientific). Pre-catalysts A, B, C, oxidant 7, durene,
Iron(ll) phthalocyanine 8, sodium pyruvate (SP), isosorbide 2,
starting aldehydes and amines for imines synthesis were purchased
from commercial source and used as received. Liquid aldehydes
and bases (DBU, Et;N) were freshly distilled before their utilization.
Molecular sieves (4 A, powder; 5A, 1.6 mm particle size) were
activated at 300°C for 24 h and next cooled to room temperature
under vacuum. Supported pre-catalyst D was synthetized according
to a literature procedure® and the relative degree of functionali-
zation was detected via elemental analysis. Imines 1a-i were
synthetized as described below.

General procedure for the synthesis of imines 1a-i

A stirred mixture of amine (7 mmol), aromatic aldehyde (7 mmol)
and 5A molecular sieves (1.6 mm particle size, 1 g/mmol) in
anhydrous toluene (130 mL) was refluxed for 16 h under Argon
atmosphere. After complete conversion of the starting material,
detected by NMR analysis, molecular sieves were filtered off and
the solvent was removed under vacuum to furnish the crude
aldimine. Trituration with 2-propanol or cyclohexane furnished the
purified imine 1 with almost quantitative yield.

Screening of reaction conditions with diquinone 7 as oxidant
(Table 1)

A stirred mixture of imine 1a (48 mg, 0.2 mmol), isosorbide 2
(88 mg, 0.6 mmol), oxidant 7 (82 mg, 0.2 mmol), durene (27 mg,
0.2 mmol) and the stated pre-catalyst (from 0.01 to 0.04 mmol) in
the selected anhydrous solvent (2 mL) was degassed under vacuum
and saturated with argon (by an Ar-filled balloon) three times.
Then, DBU was added (from 0.04 to 0.06 mmol), and the reaction
mixture was stirred at room temperature for the stated time. Yields
of 3a, 4a and 5a were evaluated by 'H NMR analysis of the crude
reaction mixture (durene as internal standard).

Screening of reaction conditions under aerobic conditions
(Table 2)

Entries 1-3. A stirred mixture of imine 1a (48 mg, 0.2 mmol),
isosorbide 2 (88 mg, 0.6 mmol), oxidant 7 (8 mg, 0.02 mmol), ETM 8
(6 mg, 0.01 mmol), durene (27 mg, 0.2 mmol), 4 A molecular sieves
(0.2 g, powder) and the stated pre-catalyst (from 0.01 to 0.02 mmol)
in the selected anhydrous solvent (2 mL) was stirred under an air
atmosphere (by a compressed air-filled balloon). Then, DBU was
added (from 0.04 to 0.05 mmol), and the reaction mixture was
stirred at room temperature for the stated time. Yields of 3a, 4a 5a
and 6a were evaluated by '"H NMR analysis of the crude reaction
mixture (durene as internal standard).

Entry 4. A stirred mixture of imine 1a (48 mg, 0.2 mmol), isosorbide
2 (88 mg, 0.6 mmol), durene (27 mg, 0.2 mmol), 4 A molecular
sieves (0.2 g, powder) and pre-catalyst A (4.5 mg, 0.02 mmol) in
anhydrous DCM (2 mL) was stirred under an O, atmosphere (by an
0O, filled balloon, 1 bar). Then, DBU was added (7.5 pL, 0.05 mmol),
and the reaction mixture was stirred at room temperature for 16 h.
Yields of 3a, 4a 5a and 6a were evaluated by 'H NMR analysis of
the crude reaction mixture (durene as internal standard).

Entries 5-9. A stirred mixture of imine 1a (48 mg, 0.2 mmol),
isosorbide 2 (88 mg, 0.6 mmol), sodium pyruvate (SP) (22 mg,
0.2 mmol), durene (27 mg, 0.2 mmol), 4 A molecular sieves (0.2 g,
powder) and the stated pre-catalyst (0.04 mmol) in the selected
anhydrous solvent (2 mL) was stirred under an air atmosphere (by a
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compressed air-filled balloon). Then, the selected base was added
(from 0.06 to 0.3 mmol), and the reaction mixture was stirred at
room temperature for the stated time. Yields of 3a, 4a, 5a and 6a
were evaluated by 'H NMR analysis of the crude reaction mixture
(durene as internal standard).

General procedure for the regioselective synthesis of exo-Mlls
3a-i

A stirred mixture of imine 1 (0.2 mmol), isosorbide 2 (88 mg,
0.6 mmol), oxidant 7 (82 mg, 0.2 mmol), and precatalyst A (2.3 mg,
0.01 mmol) in anhydrous DCM (2 mL) was degassed under vacuum
and saturated with Argon (by an Ar-filled balloon) three times.
Then, DBU was added (6 pL, 0.04 mmol), and the reaction mixture
was stirred at room temperature until almost complete imine
consumption was detected (NMR analysis). The reaction mixture
was then diluted with DCM (10 mL) and washed with water (3 x
5mL). The organic layer was dried (Na,SO,), concentrated, and
eluted from a column of silica gel with a suitable elution system to
give, in order of elution, alcohol 7', diimidate 5, amide 6, exo-MIl 3
and endo-Mll 4.

General procedure for the regioselective synthesis of
endo-Mlls 4 a-i

A stirred mixture of imine 1 (0.2 mmol), isosorbide 2 (88 mg,
0.6 mmol), oxidant 7 (82 mg, 0.2 mmol), and precatalyst B (7 mg,
0.02 mmol) in anhydrous NMP (2 mL) was degassed under vacuum
and saturated with Argon (by an Ar-filled balloon) three times.
Then, DBU was added (7.5 pL, 0.05 mmol), and the reaction mixture
was stirred at room temperature until almost complete imine
consumption was detected (NMR analysis). The reaction mixture
was then diluted with EtOAc (10 mL) and washed with water (3 x
5mL). The organic layer was dried (Na,SO,), concentrated, and
eluted from a column of silica gel with a suitable elution system to
give, in order of elution, alcohol 7’, exo-MII 3, and endo-Ml| 4.

Procedure for oxidant 7 recycle

The quantitative recycle of diquinone 7 was conducted stirring the
isolated 7’ alcohol (75 mg, 0.18 mmol) with 8 (11 mg, 0.02 mmol) in
THF (2 mL) under air atmosphere (1 atm, balloon) for 16 h. Filtration
over celite and concentration under reduced pressure afforded
diquinone 7 as a red amorphous solid (65 mg, 90 %).
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