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Five- and six-memebered N- and O-heterocycles have been
prepared by DMC chemistry in the presence of catalytic amount of a
homogenous nitrogen bicyclic base in neat conditions.
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Catalytic amount of a nitrogen bicyclic base, i.e., DABCO, DBU and TBD is effective for the

one-pot synthesis of heterocycles from 1,4-, 1,5-diols and 1,4-bifunctional compounds via
dimethyl carbonate chemistry under neat conditions. Nitrogen bicyclic bases, that previously
showed to enhance the reactivity of DMC in methoxycarbonylation reaction by Bac2
mechanism, are herein used for the first time as efficient catalysts for cyclization reaction
encompassing both Bac2 and Ba2 pathways. This synthetic procedure was also applied to a
large scale synthesis of cyclic sugars isosorbide and isomannide starting from D-sorbitol and
D-mannitol, respectively. The resulting anhydro sugar alcohols were obtained as pure
crystalline compounds that did not require any further purification or crystallization.
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Introduction Similarly, N- based five-membered heterocycles are present as

structural subunits in many natural products such as vitamins,
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N- and O-based heterocycles are ubiquitous in nature as
molecules incorporating their skeleton display remarkably
biological activity.

Substituted 2,3-dihydrobenzofuran moiety, for instance, is a
common motif in natural products and is the key structural
element in biologically active neolignans (obtusafuran and
kadsurenone) and lithospermic acids, (Figure 1).! Many of
these natural products are used as pharmaceuticals with several
applications as antimicrobial, antioxidant, antimitotic,
antiangiogenic and neuritogenic.’

Furthermore, five-membered O-based heterocycles are
incorporated in cyclic sugars isosorbide and isomannide widely
used as scaffold for green solvents (dimethyl isosorbide),
surfactants (monosubstituted isosorbide) and pharmaceuticals,
i.e., isosorbide dinitrate extensively used as vasodilator.®
Six-membered  benzo-fused  1,4-heterocycles such as
benzodioxines are also  important  pharmaceuticals.*
Benzodioxane derivatives such as piperoxan, an a-adrenergic
blocking agent, fluparoxan, a potent antidepressant and
andamericanol A, that shows interesting neurotrophic
properties are just few examples.® Simple 2,3-dihydro-1,4-
benzodioxine is present in isovanillyl sweetening agents that
are 500 times sweeter than sucrose. In addition, this core
molecule is included in many natural products, such as silybin,
isosilybin, haedoxan A and eusiderin.

This journal is © The Royal Society of Chemistry 2013

hormones and alkaloids and are also interesting from an
industrial point of view especially for the synthesis of
pharmaceuticals, herbicides, pesticides, dyes, etc.®

HaC ONQ Y OH
‘ OH - O o
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Obtusafuran Dinitrate isosorbide Isovanillyl

O o O

1,3,3-trimethyl-2-

(S)y()-Indoline-2-carboxylic
methyleneindoline acid

Piperoxan

Figure 1. Some examples of biological active and industrially relevant N- and O-
based heterocycles: obtusafuran (exhibits antiplasmodial activity); dinitrate
isosorbide (vasodilatator); piperoxan (antihistaminic compound); isovanillyl
(sweetening agent); 1,3,3-trimethyl-2-methyleneindoline (dye-intermediate); (S)-
(-)-Indoline-2-carboxylic acid (chiral auxiliary, chiral catalyst, and present in
heterocyclic alkaloid natural products).

A variety of methodologies has been reported for specific
heterocycles, i.e., 5- and 6-membered N- and O-based
heterocycles. The most common synthetic approaches are
generally based on cyclization and/or cycloaddition involving
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heavy metals’ or chlorine chemistry (e.g., tosylate through the
chlorosulfonation of toluene, mesylate).®

In some cases, cyclization reactions are conducted under acidic
conditions, however these syntheses might also lead to a
mixture of elimination and/or rearrangement products
especially when tertiary alcohols are involved.®

Short chain dialkyl carbonates (DACs) such as dimethyl
carbonate (DMC), produced nowadays by clean processes, are
renowned for their applications as green solvents and
reagents.™* In particular, DMC is a versatile electrophile that
can act as methylating agent via a Ba2 mechanism or
carboxymethylating agent by Bac.2 mechanism®* showing high
selectivity with different monodentate and bidentate
nucleophiles.**°

Recently it has been extensively reported that nitrogen bicyclic
Lewis bases, i.e., 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
1,4-diazabicyclo[2.2.2]octane (DABCO) and
triazabicyclodecene (TBD),® are capable of enhance the
reactivity of DMC in methoxycarbonylation reaction.*” %

O O

DABCO DBU TBD

Figure 2. Chemical structures of DABCO, DBU and TBD.

DABCO, compared to the amidine DBU, is a simple amine,
meanwhile TBD has a guanidine structure resulting the
strongest base among the ones selected (Figure 2).%

DBU has showed a nucleophilic behavior towards a variety of
electrophiles.”” It has also been reported that DBU can act as a
nucleophile reacting with electrophilic substrates, such as DMC
and dibenzyl carbonate, and activate them by forming a N-
alkoxycarbonyl DBU derivative.’®° This species plays a key
role in several important DBU-catalyzed esterification of
carboxylic acids, i.e., methylation of phenols, indoles, and
benzimidazoles with DMC, benzylation of the N, O, and S
atoms with dibenzyl carbonate.™®

TBD is a strong guanidine base,® utilized as organocatalysts in
the synthesis of fine chemicals® and in several polymerization
reactions?

We have previously reported a convenient one-pot, chlorine-
free synthetic procedure for O-based 5-membered heterocycles,
i.e., the reaction of aliphatic and aromatic 1,4-diols with DMC
in a stoichiometric excess of a strong base (NaOMe) and
acetonitrile as solvent led to quantitative synthesis of the related
5-membered cyclic ethers (Scheme 1).}* Computational
investigation demonstrated that the formation of the cyclic
ethers was energetically the most favourable pathway due to a
large entropy reduction that occurs at the relevant transition
states.*®

Similarly, aliphatic and aromatic 1,4-bifunctional compounds
bearing a primary alcoholic function and an amine were
efficiently cyclized with DMC in the presence of an excess of

2| J. Name., 2012, 00, 1-3

Green Chemistry

View Article Online
DOI: 10.1039/C4GC01822B

potassium tert-butoxide to achieve 5-membered N-heterocyclic
compounds (Scheme 1).%°

HO\/\/\ DMC, NaOMe
OH ———7——> + 2CH30H + CO,

ICOO Me

N
HO - ( )
\/\/\NHZ DMC, t-KOBut +3CHL0H + CO,

Scheme 1. Synthesis of N- and O-based 5-membered heterocycles by DMC
chemistry.

In this work, we investigated if nitrogen bicyclic bases could be
used as promoters in the synthesis of 5- and 6-membered
heterocycles by DMC chemistry. These cyclization reactions
are particular interesting as they encompass both
methoxycarbonylation via Ba.2 mechanism, i.e., formation of
the intermediate 2, and cyclization via B2 mechanism, i.e.,
formation of cyclic 1. So far the activation of DMC in the
presence of TBD, DBU and DABCO has only been reported for
methoxycarbonylation reaction by a B2 mechanism.’"?

Our intent is to investigate if DACs activation by nitrogen
bicyclic bases in Ba2 pathway might occur. Thus, we have
selected as first model study the cyclization via DMC chemistry
as the mechanism for the formation of these heterocyclic
compounds was already investigated.™

The cyclization reactions were performed in neat and on
substrates incorporating different functionalities, i.e., two
aliphatic primary alcohols (1,2-bis(hydroxymethyl)benzene), a
primary and a secondary alcoholic units (D-sorbitol and D-
mannitol), an aliphatic alcohol and a phenol unit (2-
hydroxyphenethyl alcohol and 2-(2-hydroxyethoxy)phenol), an
aliphatic  alcohol and an  aniline units  (2-(2-
aminophenyl)ethanol).

The new synthetic procedure resulted indeed very efficient and
required only catalytic amount of nitrogen bicyclic base. A
reaction mechanism for the cyclization catalyzed by these
nitrogen Lewis bases is tentatively proposed and discussed.

Results and discussion

In a first set of experiments a 1,4-diol incorporating a phenolic
group and a primary alcohol has been selected as substrate for
the preparation of its related cyclic ethers via DMC chemistry
in the presence of decreasing amount of DBU, TBD and
DABCO. The efficiency of these bases has been compared with
a simple Lewis base (EtzN) and NaOMe. The latter base
showed, in our previous investigation,’* the best activity in
cyclization reaction with DMC.

Thus, this synthetic procedure has been tested for the
preparation of aromatic 6-membered O-based heterocycles and
aromatic 5-membered N-based heterocycles. Finally glucose
derivate sugars D-sorbitol and D-mannitol have been also tested

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c4gc01822b

Published on 11 November 2014. Downloaded by University of Illinois at Chicago on 19/11/2014 10:15:26.

Green Chemistry

as substrates for the synthesis of isosorbide and isomannide in
the same reaction conditions.

Aromatic 5-membered O-based heterocycles

2-(2-Hydroxyethyl)phenol was reacted with DMC (4.0 eq.
mol.) in the presence of stoichiometric amount DBU in
refluxing acetonitrile (entry 1, Table 1).

In this reaction conditions, the substrate gave 2,3-
dihydrobenzofuran 1 in quantitative yield. The cyclic
compound was isolated as pure by a quick filtration on a silica
pad to remove the excess of DBU followed by the evaporation
of the residual DMC and solvent.

OH o Cat. OCOOCH3
+ —= +
\O)J\O/ o
OH OH
1 2

Scheme 2. Synthesis of 2,3-dihydrobenzofuran 1 by DMC chemistry.

When the amount of DBU was decreased, i.e., 0.5 and 0.25 eq.
mol. the conversion of the substrate was still quantitative and
the selectivity increased to 99% (entries 2-3, Table 1).

In order to further improve the reaction conditions, an
experiment was attempted mixing the two reagents with DBU
(0.25 eq. mol.) without any solvent. The reaction reached
completion after only 4 hours resulting in the quantitative
formation 2,3-dihydrobenzofuran 1 as the only product of the
reaction (entry 4, Table 1).

Table 1. Reaction of 2-hydroxyphenethyl alcohol with DMC.?

# Catalyst CHsCN  Time Conv.” Isolated
yield %
(eq. mol) (mL) (h) (%) 1
(%)
1 DBU(L.0) 10 3 100 92
2 DBU(05) 10 8 100 90
3 DBU (0.25) 10 17 100 99
4  DBU (0.25) - 4 100 98
5  DBU(0.1) - 8 100 96
...6.._DBU0OS) ________- . 8 ... 100 92 .
7 DABCO (0.05) - 8 100 83
8  TBD (0.05) - 8 100 91
9 Et;N°(0.05) - 24 n.g. 48
10  NaOMe®(0.05) - 24 n.g.’ 6

? Reaction conditions: 2-(2-hydroxyethyl)phenol (1 eg. mol) DMC (4 eq.
mol), 90 °C;® The reaction was followed by TLC as the cyclic intermediate 2
is unstable on the GC-MS conditions; ¢ Reaction conducted at 85 °C; 2 was
isolated in 12% yield; ® Conversion of the starting diol was not quantitative; ®
Intermediate 2 was isolated in 21% yield.

Further experiments in neat were conducted employing
catalytic amount of DBU, i.e., 10% and 5% mol. (entries 5-6,
Table 1); conversion and selectivity towards the cyclic ether 1
remained unaffected resulting both quantitative.

Cyclic nitrogen bases DABCO and TBD were then tested as
catalysts for the cyclization reaction. Both bases, used in
catalytic amount, resulted very efficient for the preparation of
2,3-dihydrobenzofuran 1 (entries 7-8, Table 1).

This journal is © The Royal Society of Chemistry 2012

For comparison, a simple acyclic amine i.e., Et;N, was also
used as catalyst, however, the cyclic product 1 formed only in
modest yield (entry 9, Table 1).

Finally, NaOMe, the base previously used in stoichiometric
excess (3.0 eq. mol.) for this reaction, was also tested.' In this
case, the conversion was not quantitative and the isolated yield
of compound 1 was only scarce (entry 10, Table 1).

For this substrate all nitrogen bicyclic bases investigated are
efficiently catalysts for the synthesis of the aromatic cyclic
ether 1 in neat conditions. They all showed an enhanced
efficiency and short reaction time in comparison to simple
Lewis base (EtsN) and strong base as NaOMe.

It should be noted that the cyclization step (Ba2 see eq. 3
Figure 4) of this reaction release CO, as by-product which is
known to deactivate strong bases i.e. NaOMe.'* Conversely,
tertiary ammines establish an equilibrium reaction with CO,
thus they maintain their activity as catalysts. This might explain
why cyclic nitrogen bases can be employed in less than a
stoichiometric amount in these cyclization reactions.

Similar reaction conditions were employed on a substrate that
incorporates two aliphatic hydroxyl groups, i.e., 1,2-
bis(hydroxymethyl)benzene (Scheme 3).

o
EDCOH ’ J'I\ == o0
_Cat
OH So” o * OCOOCH;
3 4

Scheme 3. Synthesis of 1,3-dihydrobenzofuran by DMC chemistry.

Table 2 reports the data collected for the preparation of the
phtalan 3.

Despite the complete conversion of the substrate, none of the
bicyclic nitrogen catalysts resulted efficient for the synthesis of
1,3-dihydroisobenzofuran 3 (entries 1-3, Table 2). DBU was
the best catalyst with an isolated yield of 58%. The
monocarboxymethyl derivates of 1,2-
bis(hydroxymethyl)benzene has never been observed.

Table 2. Reaction of 1,2-bis(hydroxymethyl)benzene via DMC chemistry.?

# Catalyst Time Conv.” Isolated yield
(eg. mol) (h) (%) 3 (%) 4 (%)
1 DBU (1.0) 24 100 58 37
2 DABCO (1.0) 24 100 29 65
3 TBD (1.0) 24 100 17 70

# Reaction conditions1,2-bis(hydroxymethyl)benzene (1 eq. mol) DMC (8 eq.
mol) 90 °C; ° As observed by TLC.

These results could be ascribed to the lower acidity of the
hydroxyl group incorporated in the starting material in
comparison  with the phenol unit of the 2-(2-
hydroxyethyl)phenol.

J. Name., 2012, 00, 1-3 | 3
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Figure 3. Reaction profiles of the synthesis of 6-membered cyclic 5 with DABCO (0.1 eq. mol.) and DBU (0.1 eq. mol.) according to GC-MS analysis.

(o] (o] O
E;[ ~"0oH o Cat. @ j @[ ~NocoocH,
" )J\ *
OH SNo” o ° oH
5 6

Scheme 4. Synthesis of 2,3-dihydrobenzo[b][1,4]dioxine 5 by DMC chemistry.

Most probably, the nitrogen bicyclic bases used weren’t strong
enough to deprotonate the benzyl alcohol moiety and promote
the cyclization reaction (see eq. 3 Figure 4). It is interesting to
point out that TBD gave the lower yield of the phthalan 3,
despite being the strongest base among the ones used
suggesting that the basicity of the catalyst is not the only factor
affecting the cyclization reaction.

Aromatic 6-membered O-based heterocycles

2-(2-Hydroxyethoxy)phenol was selected as substrate for the
preparation of six-membered heterocycle 2,3-
dihydrobenzo[b][1,4]dioxine 5 (Scheme 4).

In a first set of experiments, the cyclization reaction was carried
out in neat conditions using stoichiometric amount of DBU,
DABCO or TBD (entries 1-3, Table 3).

Table 3. Reaction of 2-(2-hydroxyethoxy)phenol via DMC chemistry ?

# Catalyst Time Conv.” Selectivity”
(Isolated)
(eg. mol) (h) (%) 5 (%) 6 (%)

1 DBU (1.0) 5 100 88 (69) 12

2 DABCO (1.0) 2 100 100 (92) 0
R I TBD(1.0) . 3 100 . 100(92) ____. 0.

4" DABCO (0.5) 2 100 98 (80) 0

5  DABCO (0.1) 7 100 95 (90) 0
...6____DABCO (0.05) ___ 5 100 . 94(83) ... 0 ____

7 DABCO (0.01) 24 100 10 90

8 TBD (0.05) 24 100 91 (77) 7

 Reaction conditions: 2-(2-hydroxyethyl)phenol (1 eq. mol) DMC (8 eq.
mol) 90 °C; ° Calculated via GC-MS analysis.

4 ]1J. Name., 2012, 00, 1-3

The reactions performed employing DBU or TBD as base
required longer reaction time. Furthermore, when DBU was
used as catalyst, small amount of the monomethoxycarbonyl
derivative 6 was also observed.

Among the catalysts, DABCO (1.0 eq. mol) resulted very
efficient (reaction time 2 hours) (entry 2, Table 3) in promoting
the cyclization of 2-(2-hydroxyethoxy)phenol also when used
in catalytic amount, i.e, 0.05 eq. mol (entries 4-6, Table 3).

For comparison TBD was also tested as catalyst at the
concentration of 5% mol. The experiment showed comparable
results and reaction time to DABCO.

Finally, an attempt has been also made using only 1% mol. of
DABCO. In this case the starting material resulted completed
converted although the selectivity was shifted toward the
monomethoxycarbonyl derivative 6.

For this substrate the nitrogen bases showed a different
behaviour in activating DMC and methylcarbonate derivatives.
Thus, a comparative study has been conducted performing the
cyclization reaction in the presence of 10% mol. of the
catalysts.” Figure 3 shows the reaction profiles for the reactions
conducted in the presence of DABCO and DBU. Samples taken
at time intervals and analysed by GC-MS confirmed that
DABCO was the best catalyst resulting in quantitative
conversion and selectivity toward the cyclic compound 5 after 6
hours. DBU on the other hand resulted the less efficient
nitrogen base.

DABCO- and DBU-catalyzed reaction showed a similar
reaction rate in the Ba.2 mechanism (consumption of the 2-(2-
hydroxyethoxy)phenal). On the contrary, the conversion of the
reaction intermediate 6 into the cyclic compound 5 depended
on the catalyst used. This result is not surprising as Bac2 and
Bai2 mechanism are controlled by different factors.

Aromatic 5-membered N-based heterocycles

Reaction of bifunctional nucleophile 2-(2-aminophenyl)ethanol
with DMC in the presence of stoichiometric amount of nitrogen
bicyclic catalysts DABCO, DBU or TBD (entries 1-3, Table 4)

This journal is © The Royal Society of Chemistry 2012
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gave a quantitative conversion toward the N-carboxymethyl
indoline 7. Although the results are similar, TBD resulted the
best base in terms of isolated yield and reaction time.

OH o OCOOCH;
Cat
AN )J\ - ’
NH, 0”0 N NH,
7 8

COOMe

Scheme 5. Synthesis of N-carboxymethyl indoline 7 by DMC chemistry.

This reaction trend was confirmed performing the reaction in
neat in the presence of 0.5 eq. mol. of the selected catalyst.’
Data showed that, when TBD was used, the selectivity toward
the N-carboxymethyl indoline 7 after 4 hours was already 85%
(64% with DABCO). Conversely a conversion of only 25% was
observed with DBU. When the amount of TBD was further
decreased, i.e., 0.1 mol. eq. the selectivity also diminished to
65% (entry 5, Table 4).

In this case study, 2-(2-aminophenyl)ethanol incorporates two
different nucleophiles, i.e., a primary amine and a primary
alcohol, that discriminate between the two electrophilic centers
of the DMC leading to the N-carboxymethyl indoline by one-
pot cyclization. Thereforethe reaction, most probably, proceeds
by a sequence of carboxymethylation and alkylation reactions.
Overall the one-pot synthesis of the N-carboxymethyl indoline
7 includes two methoxycarbonylations (Baci2) and an
intramolecular alkylation (Ba2); this complex sequence of
reactions might explain the higher amount of catalyst required
for a selective formation of the cyclic product 7.1

Table 4. Reaction 2-(2-aminophenyl)ethanol with DMC.?

spectroscopy until disappearance of the starting material and of
the eventual reaction intermediates.

When the reaction was attempted employing a stoichiometric
amount of DBU, isosorbide showed to form quantitative after 7
hours (entry 1, Table 5).

H H OH
HO = H HO/..H O
DMC, cat.
HO 7 |"H o” & ZOoH
HO ~ OH H
D-Sorbitol 8
H HOH
HO? = OH HO HH~ o
DMC, cat.
_—
4, ~  IYOH
7 ‘H o’ H %
Ho HO ! OH H
D-Mannitol 9

Scheme 6. Synthesis of isosorbide 8 and isomannide 9 by DMC chemistry.

Table 5. Reaction of D-sorbitol and D-mannitol with DMC.2

# Sugar Cat. Time Conv.” Isolated yield
(eg. mol) (h) (%) (%)

1 D-sorb. DBU (1.0) 7 100 898

2 D-sorb. DBU (0.5) 7 100 898

3 D-sorb. DBU (0.25) 8 100 898

4 D-sorb. DBU (0.05) 24 100 898

5 D-Mann. DBU (0.5) 7 100 9380

6 D-Mann. DBU (0.05) 24 100 992

# Catalyst Time Conv.” Selectivity”
(Isolated)
(eg. mol) (h) (%) 7(%) 8 (%)

1 DBU (1) 24 100 89 (75) 11
2 DABCO (1) 18 100 95 (72) 0
3 TBD (1) 7 100 100 (91) 0
4 TBD (0.5) 21 100 100 (97) 0
5 TBD (0.1) 24 100 65 (54) 35

? Reaction conditions: 2-(2-aminophenyl)ethanol (1 eq. mol), DMC (8 eq.
mol) 90 °C; ° Calculated via GC-MS analysis.

Anydro sugar alcohols

Anhydro sugar alcohols have many applications in food and
pharmaceutical field, as well as monomers in the formation of
polymers and copolymers.? lsosorbide and its epimer
isomannide are industrially synthesized by dehydration of their
parent alcohols D-sorbitol and D-mannitol by an acid catalyzed
reaction.? In our previous work we have reported a convenient
synthesis of isosorbide by DMC-mediated double cyclization
reaction in the presence of an excess of a strong base (4 eq.
mol. of NaOMe) and methanol as solvent (Scheme 6).**

Herein, D-sorbitol was tested according to the new reaction
condition, i.e, in neat using DBU as catalyst in stoichiometric
amount. The reaction outcome was followed by 'H NMR

This journal is © The Royal Society of Chemistry 2012

? Reaction conditions: D-sugar (1 eq. mol) DMC (8 eq. mol), methanol (2
mL) 90 °C; ° Calculated via *H NMR spectroscopy.

Crystalline isosorbide can be easily recovered by filtration on a
silica pad and evaporation of the residual DMC. Reducing the
amount of DBU to 0.5 eq. mol and then to 0.25 eq. mol.,
resulted in any case in a quantitative and highly selective
formation of the cyclic sugar (entries 2-3, Table 5). It was
possible to decrease the amount of DBU up to 5% mol without
affecting the efficiency of the cyclization outcome (entry 4,
Table 5). However, when the reaction was conducted
employing catalytic amount (5% mol) of DABCO or TBD,
NMR spectra showed, after 24 h, the presence of several
reaction intermediates and of the starting reagent.

The same synthetic approach was then used on D-mannitol
employing 0.25 mol of DBU in neat. As a result, isomannide
was obtained in quantitative yield (entry 5, Table 5). The
amount of DBU can be reduced up to 5% mol without affecting
the reaction outcome. Attempts to further reduce the amount of
catalyst resulted in both cases, i.e., isosorbide and isomannide,
in partial conversion of the substrate.

It must be pointed out that despite anhydro sugars isosorbide
and isomannide are formed through a one-pot double
cyclization reaction, the amount of DBU used remains catalytic,
i.e. 2.5% mol. for each tetrahydrofuranic cycle formed.

J. Name., 2012, 00,1-3 | 5
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OH
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2

DBU-H o

1] + DBU + CHZOH v

J

DBU + CO,

@EC> +DBU + CH30H + CO,

Figure 4. Possible reaction mechanism of the DBU-catalysed cyclization via DMC chemistry (all reactions reported are equilibrium except for the cyclization by B2

mechanism).

Reaction Mechanism

The reactivity of DMC and in general of DACs in the presence
of the nitrogen bicyclic base DBU has been previously
investigated. Organic carbonates are activated by DBU via the
formation of N-alkoxycarbonyl DBU derivative (eq. 1, Figure
4).® However, in our case study, most probably DBU has a
more complex double role in the cyclization reactions acting
both as activator in the formation of methoxycarbonyl reaction
intermediate (Bac2 mechanism), but also as a base or a leaving
group in the alkylation reaction (B2 mechanism). A possible
reaction mechanism for the synthesis of 5- and 6-membered
heterocycles is depicted in Figure 4.

Eg. 1 shows the activation of DMC by DBU in the case of the
aromatic substrate 2-(2-hydroxyethyl)phenol resulting in the
formation of the N-alkoxycarbonyl-amidinium adduct (1).

The resulting intermediate is a better electrophile compared to
DMC,™ thus it can be easily attacked by a nucleophile, i.e., 2-
(2-hydroxyethyl)phenol (eq. 2, Figure 4) leading to the
formation of the methoxycarbonyl derivative 2.

Carbonate intermediate 2 can also be activated by DBU
forming the N-alkoxycarbonyl-amidinium adduct Il. At this
point, most probably, another molecule of DBU acts as a base
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deprotonating the aromatic hydroxyl group of the intermediate
111 (eq. 3, Figure 4). Although we cannot rule out that the
methoxide group might act as base itself.

The subsequent intramolecular cyclization by B2 mechanism
leading to the formation of the 2,3-dihydrobenzofuran 1 is thus
aided by the specie IV that acts as leaving group and then
rapidly decomposes in DBU and CO, (eq. 3, Figure 4). It
should be mentioned that the intermediate 1V, being neutral
charged, is a better leaving group compared to alkoxycarbonate
anions.

Overall in the cyclization reaction methanol and CO, are
released as the only reaction by-products, meanwhile DBU is
restored so that it can catalyse another cycle.

It is also noteworthy that the nitrogen Lewis bases used have a
different strength, i.e., TBD>DBU>>DABCO.** Consequently,
we should expect a faster cyclization reaction for the stronger
base according to the mechanism reported in eq. 4. However,
the basicity of the catalysts doesn’t reflect the trend observed
for the cyclization reactions.

In fact, TBD, the strongest base, is not always the best catalyst
for the cyclization by DMC chemistry.

This might indeed validate that nitrogen bicyclic bases lead to
the formation of the intermediate 11, which is similar to the

This journal is © The Royal Society of Chemistry 2012
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specie | although it has a different fate. In fact, the latter
follows a Bac2 mechanism meanwhile intermediate |11
undergoes a B2 mechanism.

Each substrate investigated showed a peculiar preference for
one of three nitrogen bicyclic catalysts: aromatic 1,4- and 1,5-
diols resulted more reactive in the presence of DABCO, 1,4-
amino alcohol cyclized preferably with TBD and finally
anhydro sugars showed to form rapidly in the presence of DBU.
Conversely, nitrogen bicyclic catalysts do not seem to be
equally effective in the cyclization of substrates incorporating
less acidic groups such as aliphatic alcohols or amines. In fact,
experiments conducted on 1,2-bis(hydroxymethyl)benzene
(Table 2), 2-(aminomethyl)benzyl alcohol, 4-aminobutan-1-ol
gave only moderate yield of the respective cyclic compound
(see also supporting information).

Besides the activation of DMC and the basicity of the nitrogen
bicyclic catalysts involved, other factors might affect the
catalyst affinity with the substrate, i.e. steric and entropic
effects as they influence in different way the Bac2 and Bpj2
mechanisms.

li should be also mention that , in any case, we cannot rule out
the possibility that the mechanisms reported in eq. 3 and eq. 4
(Figure 4) take place simultaneously or cooperate to the
formation of the cyclic product 1. In this prospect, further
studies on this reaction mechanism are at the moment ongoing.

When other nitrogen bicyclic bases have been used, i.e.,
DABCO or TBD, the cyclization most probably undergoes via
a similar reaction mechanism.

Experimental

All reagents were purchased by Sigma Aldrich and used
without any further purification. The HPLC method was
performed using an UV detector and the wavelength was set at
254 nm. Samples were analysed on a C18 column (4.6 mm x
150 mm, 3um). The binary mobile phase consisted of 60%
(v/v) acidified water as solvent A and 40% (v/v) acetonitrile as
solvent B. A flow rate of 1 mL/min was used with the gradient
program as follows: 40% solvent B at 0-4 min; 40-50% solvent
B at 4-6 min; 50-70% solvent B at 6-8 min; 70-80% solvent B
at 8-10 min. The injection volume was 20pL.

General procedure for the synthesis of 2,3-
dihydrobenzofuran (example from entry 6, Table 1): In a
vessel equipped with a reflux condenser, 2-hydroxyphenethyl
alcohol (2.90 mmol, 1.00 mol. eq.), DMC (11.60 mmol, 4.00
mol. eq.) and DBU (0.14 mmol, 0.05 mol. eq.) were heated at
reflux while stirring. The progress of the reaction was
monitored by TLC. After 8 hours the reaction was stopped,
cooled at room temperature and the solvent evaporated. Finally,
a pure compound was obtained in 92% yield (0.32 g, 2.66
mmol) by column chromatography on silica gel. THF/Hexane
5/95 can be used as eluent.

Characterization data were consistent with those obtained for
the commercially available compound.

This journal is © The Royal Society of Chemistry 2012

General procedure for the synthesis of phthalan (example
from entry 1, Table 2): In a vessel equipped with a reflux
condenser, 1,2-Bis(hydroxymethyl)benzene (3.62 mmol, 1.00
mol. eq.), DMC (28.90 mmol, 8.00 mol. eq.) and DBU (3.62
mmol, 1.00 mol. eq.) were heated at reflux while stirring. The
progress of the reaction was monitored by TLC. After 24 hours
the reaction was stopped, cooled at room temperature and the
solvent evaporated. Finally, the pure compound was obtained in
58% yield (0.25 g, 2.08 mmol) by column chromatography on
silica gel. THF/Hexane 5/95 can be used as eluent.
Characterization data were consistent with those obtained for
the commercially available compound.

General procedure for the synthesis of 2,3-
dihydrobenzo[b][1,4]dioxine (example from entry 6, Table 3):
In a wvessel equipped with a reflux condenser, 2-(2-
hydroxyethoxy)phenol (1.95 mmol, 1.00 mol. eq.), DMC
(15.60 mmol, 8.00 mol. eq.) and DABCO (0.10 mmol, 0.05
mol. eq.) were heated at reflux while stirring. The progress of
the reaction was monitored by TLC. After 15 hours the reaction
was stopped, cooled at room temperature and the solvent
evaporated. Finally, the pure compound was obtained in 83%
yield (0.22 g, 1.62 mmol) by column chromatography on silica
gel. THF/Hexane 1/9 can be used as eluent.

Characterization data were consistent with those obtained for
the commercially available compound.

General procedure for the synthesis of N-carboxymethyl
indoline (example from entry 1, Table 4): In a vessel equipped
with a reflux condenser, 2-(2-aminophenyl)ethanol (2.19 mmol,
1.00 mol. eq.), DMC (17.50 mmol, 8.00 mol. eq.) and DBU
(2.19 mmol, 1.00 mol. eq.) were heated at reflux while stirring.
The progress of the reaction was monitored by TLC. After 24
hours the reaction was stopped, cooled at room temperature and
the solvent evaporated. Finally, the pure compound was
obtained in 75% vyield (0.29 g, 1.64 mmol) by column
chromatography on silica gel. THF/Hexane 1/9 can be used as
eluent.

Characterization data correspond to those reported in the
literature.™®

General procedure for the synthesis of cyclic sugars
Isosorbide (example from entry 4, Table 5): In a round bottom
flask equipped with a reflux condenser, D-sorbitol (5.49 mmol,
1.00 mol. eq.), DMC (43.90 mmol, 8.00 mol. eq.), DBU (0.27
mmol, 0.05 mol. eq.) and MeOH (2.00 mL) were heated at
reflux while stirring. The progress of the reaction was
monitored by NMR. After 24 hours the reaction was stopped,
cooled at room temperature and the mixture was filtered over
Gooch n°4. Finally, DMC was evaporated under vacuum and
the product was obtained as pure in 98% yield (0.79 g, 5.40
mmol).

Larger scale synthesis of isosorbide: In a round bottom flask
equipped with a reflux condenser, D-sorbitol (0.05 mol, 1.00
mol. eq.), DMC (0.44 mol, 8.00 mol. eq.), DBU (2.70 mmol,
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0.05 mol. eq.) and MeOH (20.00 mL) were heated at reflux
while stirring. The progress of the reaction was monitored by
NMR. After 48 hours the reaction was stopped, cooled at room
temperature and the mixture was filtered over Gooch n°4.
Finally, DMC was evaporated under vacuum and the product
was obtained as pure in 98% yield (7.90 g, 0.05 mol).
Characterization data were consistent with those obtained for
the commercially available compound.

Isomannide (example from entry 6, Table 5): In a round bottom
flask equipped with a reflux condenser, D-mannitol (5.49
mmol, 1.00 mol. eq.), DMC (43.90 mmol, 8.00 mol. eq.), DBU
(0.27 mmol, 0.05 mol. eq.) and MeOH (2.00 mL) were heated
at reflux while stirring. The progress of the reaction was
monitored by NMR. After 24 hours the reaction was stopped,
cooled at room temperature and the mixture was filtered over
Gooch n°4. Finally, DMC was evaporated under vacuum and
the product was obtained as pure in 92% yield (0.74 g, 5.06
mmol).

Characterization data were consistent with those obtained for
the commercially available compound.

Conclusions

Reacting 1,4-, 1,5-diols or an 1,4-aminoalcohol with DMC in
the presence of catalytic amount of DABCO, DBU or TBD
allowed an easy and wide ranging synthesis of N- and O-
heterocycles. This novel synthetic procedure doesn’t use any
solvent and results in the quantitative one-pot preparation of 5-
membered cyclics 2,3-dihydrobenzofuran 1, N-carboxymethyl
indoline 7, 6-memeberd cyclic 2,3-dihydrobenzo[b][1,4]dioxine
5 and anydro sugar isosorbide 8 and isomannide 9. All the so
formed cyclic products can be isolated as pure crystalline
material by simple filtration on a silica pad.

A possible reaction mechanism for the cyclization reaction has
been proposed; most probably, in this synthetic approach, the
nitrogen bicyclic catalysts have a complex role acting both as
DMC activator in the formation of methoxycarbonyl reaction
intermediate (Ba.2 mechanism), but also as base in the
alkylation reaction (Bai2 mechanism).

It is noteworthy that this is the first time that the effect of
nitrogen bicyclic on Ba2 reactions have been reported. More
detailed studies on the reaction mechanism are ongoing at the
moment so to clarify the role of the cyclic nitrogen base in the
intramolecular cyclization step, but also to have a better
understanding of the relationship between the substrate and the
best catalyst found for its cyclization.

It should be noted that, in these cyclizations, DMC acts as
sacrificial molecule, being fully converted at the end of the
reaction into methanol and CO,. This reaction mechanism is
reminiscent of chlorine compounds that are typically used as
sacrificial molecules, however in our case the intrinsic toxicity
of these molecules is avoided.

An important industrial application and validation of this
procedure is the synthesis of pure anydro sugar alcohols
starting from the related glucose derivatives. In fact,
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isomannide and isosorbide can be easily synthesised in
quantitative yield and high purity, no recrystallization or further
purification is necessary.

Notes and references

® Department of Environmental Sciences, Informatics and Statistics

University Ca’ Foscari Venezia, 2137 Dorsoduro

E-mail: tundop@unive.it; Fabio.arico@unive.it (the two authors equally

contributed to the paper)

T Electronic Supplementary Information (ESI) available includes *H

NMR of compounds 1, 3, 5, 7-9 and reaction profiles for the synthesis of

heterocycles 1, 5, 7. See DOI: 10.1039/b000000x/

1 a) J. W. Benbow, R. J. Katoch-Rouse, J. Org. Chem., 2001, 66,
4965; b) D.-H. Wang, J.-Q. Yu, J. Am. Chem. Soc., 2011, 133, 5767.

2 a) P. M. Pauletti, A. R. Arajo, M. C. M. Young, a. M. Giesbrecht, V.
S. Bolzani, Phytochemistry, 2000, 55, 597; b) H. Kikuzaki, S.
Kayano, N. Fukutsuka, A. Aoki, K. Kasamatsu, Y. Yamasaki, T.
Mitani, N. J. Nakatani, Agric. Food Chem., 2004, 52, 344; c) L.
Pieters, S. Van Dyck, M. Gao, R. Bai, E. Hamel, A. Vlietinck; G.
Lemire, J. Med. Chem., 1999, 42, 5475; d) S. Apers, A. Vlietinck, L.
Pieters Phytochem. Rev., 2003, 201; e) J. S. Shin, Y. M. Kim, S. S.
Hong, H. S. Kang, Y. J. Yang, D. K. Lee, B. Y. Hwang, J. S. Ro, M.
K. Lee, Arch. Pharm. Res., 2005, 28, 1337 ; f) I. S. Abd-Elazem, H.
S. Chen, R. B. Bates, R. C. C. Huang, Antiviral Res., 2002, 55, 91.

3 a) G. Wang, F. J. Burczynski, B. B. Hasinoff, K. Zhang, Q. Lu, J. E.
Anderson, Molecular Pharmaceutics, 2009, 6, 895; b) C. Sciorati,
Clara, R. Latini, D. Novelli, I. Russo, M. Salio et al. Pharm. Res.,
2013, 73, 35.

4 a) G. Guillaumet in Comprehensive Heterocyclic Chemistry Il, (Eds.:
A. J. Boulton, A. R. Katritzky, C. W. Rees, E. F. V. Scriven),
Pergamon, Oxford, 1996, 6; b) B. Achari, S. B. Mandal, P. K. Dutta,
C. Chowdhury, Synlett, 2004, 2449; (c) G. L. Morgans, E. L. Ngidi,
L. G. Madeley, S. D. Khanye, J. P. Michael, C. de Koning, W. A. L.
Van Otterlo, Tetrahedron 2009, 65, 10650.

5 a)W. Bao, Y. Liu, X. Lv, W. Qian, Org. Lett., 2008, 10, 3899; b) A.
B. Naidu, D. Ganapathy, G. Sekar, Synthesis, 2010, 3509; c) A.
Arnoldi, A. Bassoli, L. Merlini, E. Ragg, J. Chem. Soc., Perkin
Trans. 2, 1991, 1399.

6 a) A. R. Katritzky, C. A. Ramsden, J. A. Joule, V. V. Zhdankin in
Handbook of Heterocyclic Chemistry, Elsevier, 2010; b) A. Padwa, S.
Bur, Chem. Rev., 2004, 104, 2401.

7 a) E. K. Lee, Y. H. Baek, Patent EP1939190, 2008, to Hysung
corporation; b) I. I. Geiman, L. F. Bulenkova, A. A. Lazdin'sh, A. K.
Veinberg, V. A. Slavinskaya, A. A. Avots, Chem. Heterocycl.
Compd., 1981, 4, 314; c) T. Shibata, R. Fujiwara, Y. Ueno, Synlett,
2005, 152; d) G. V. Sharma, K. R. Kumar, P. Sreenivas, P. R.
Krishna, M. S. Chorghade, Tetrahedron: Asymmetry, 2002, 13, 687;
e) R. I. Khusnutdinov, N. A. Shchadneva, A. R. Baiguzina, Y.
Lavrentieva, U. M. Dzhemilev, Russ. Chem. Bull., 2002, 51, 2074; f)
B. Panda, T. K. Sarkar, Tetrahedron Lett.,, 2008, 49, 6701; g) H.
Zhao, J. E. Holladay, H. Brown, Z. C. Zhang, Science 2007, 316,
1597; h) K. Kindler, D. Matthies, Chem. Ber. 1962, 95, 1992; (i)
T.M. Gadda, X.-Y. Yu and A. Miyazawa, Tetrahedron 2010, 66,
1249 ; (j) M. Haniti, S. A. Hamid, C. Liana Allen, G. W. Lamb, A. C.
Maxwell, H. C. Maytum, A. J. Watson, J. M. J. Williams, J. Am.
Chem. Soc. 2009, 131, 1766; (k) S.-I. Murahashi, K. Kondo,

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c4gc01822b

Published on 11 November 2014. Downloaded by University of Illinois at Chicago on 19/11/2014 10:15:26.

10

11

12

13

Green Chemistry

T.Hakata, Tetrahedron Lett. 1982, 23, 229; (I) R. Grandel, W. M.
Braje, A. Haupt, S. C. Turner, U. Lange, K. Dresher, L. Unger,D.
Plata, patent WO 2007/118899 Al, 2007; (m) G. C. Tsui, J. Tsoung,
P. Dougan, M. Lautens, Org. Lett. 2012, 14, 5542; (n) S. J. Gharpure,
V. Prasath, J. Chem. Sci. 2011, 123, 943; (o) L. Bagnoli, S. Casini, F.
Marini, C. Santi, L. Testaferri, Tetrahedron, 2013, 69, 481.

O. Lindner, L. Rodefeld in Benzenesulfonic Acids and Their
Derivatives, Ullmann's Encyclopedia of Industrial Chemistry ,
Wiley-VCH, Weinheim, 2001; b) C. S. Salteris, I. D. Kostas, M.
Micha-Screttas, G. A. Heropoulos, C. G. Screttas, A. Terzis, J. Org.
Chem., 1999, 64, 5589; c) F. Ojima, T. Matsue, T. Osa, Chem. Lett.,
1987, 2235; d) C. Ferreri, C. Costantino, C. Chatgilialoglu, R.
Boukherroub, G. Manuel, J. Organomet. Chem., 1998, 554, 135; e)
G. Tagliavini, D. Marton, D. Furlani, Tetrahedron, 1989, 45, 1187; f)
L. Djakovitch, J. Eames, R. V. H. Jones, S. Mclntyre, S. Warren,
Tetrahedron Lett., 1995, 36, 1723; g) E. Adaligil, B. D. Davis, D. G.
Hilmey, Y. Shen, J. M. Spruell, J. S. Brodbelt, K. N. Houk, L. A.
Paquette, J. Org. Chem., 2007, 72, 6215; h) L. M. Grubb, B. P.
Branchaud, J. Org. Chem., 1997, 62, 242; i) K. Matsuo, T. Arase, S.
Ishida, Y. Sakaguchi, Heterocycles, 1996, 43, 1287; j) J. Moulines,
A.-M. Lamidey, V. Desvergnes-Breuil, Synth. Commun., 2001, 31,
749; k) T. Koga, Y. Aoki, T. Hirose, H. Nohira, Tetrahedron:
Asymmetry, 1998, 9, 3819; I) Y. Ju, R. S. Varma, J. Org. Chem.,
2006, 71, 135.

a) K. K. Showa Denko US patent 6372921, 2002; b) W. C. Brinegar,
M. Wohlers, M. A. Hubbard, E. G. Zey, G. Kvakovszky, T. H.
Shockley, R. Roesky, U. Dingerdissen, W. Kind, patent US6639067
2003; c) J. Defaye, A. Gadelle, C. Pedersen, Carbohydr. Res., 1990,
205, 191; d) T. Zheng, R. S. Narayan, J. M. Schomaker, B. Borhan, J.
Am. Chem. Soc., 2005, 127, 6946; e) A. C. Spivey, A. Maddaford, T.
Fekner, A.J. Redgrave, C. S. Frampton, J. Chem. Soc., Perkin Trans.
1, 2000, 20, 3460; f) B. Walsh, J. R. Hyde, P. Licence, M. Poliakoff,
Green Chem., 2005, 7, 456; g) W. K. Gray, F. R. Smail, M. G.
Hitzler, S. K. Ross, M. Poliakoff, J. Am. Chem. Soc., 1999, 121,
10711.

a) Asahi Kasei Chemicals Corporation Patent,W02007/34669 Al,
2007; b) TheMerck Index, 11th edn, ed. S Budavari,Merck and Co.
Inc., Ralway, NJ, 1989; c) M. Wang, H. Wang, N. Zhao, W. Wei, Y.
Sun, Ind. Eng. Chem. Res., 2007, 46, 2683.

a) P. Tundo, M. Selva, A. Perosa, S. Memoli, J. Org. Chem., 2002,
67, 1071; b) A. E. Rosamilia, F. Arico, P. Tundo, J. Org. Chem.,
2008, 73, 1559; c) P. Tundo, C. R. McElroy, F. Arico, Synlett, 2010,
10, 1567; d) P. Tundo, F. Arico, A. E. Rosamilia, S. Memoli, Green
Chem., 2008, 10, 1182; e) P. Tundo, F. Arico, A. E. Rosamilia, M.
Rigo, A. Maranzana, G. Tonachini, Pure Appl. Chem., 2009, 81,
1971.

a) P. Tundo, F. Aricd, G. Gauthier, L. Rossi, A. E. Rosamilia, H. S.
Bevinakatti, R. L. Sievert, C. P. Newman, ChemSusChem, 2010, 3,
566; b) S. Grego, F. Arico, P. Tundo, Org. Process Res. Dev., 2013,
17, 679; d) P. Tundo, F. Arico, G. Gauthier, A. Baldacci, C. R.
Chimie, 2011, 14, 652, e) F. Arico, P. Tundo, Russ. Chem. Rev.,
2010, 79, 479.

a) A. E. Rosamilia, F. Arico, P. Tundo, J. Phys. Chem. B, 2008, 112,
14525; b) C. R. McElroy, F. Arico, F. Benetollo, P. Tundo, Pure
Appl. Chem., 2012, 84, 707; c) F. Arico, M. Chiurato, J. Peltier, P.

This journal is © The Royal Society of Chemistry 2012

14

15

16

17

18

19

20

21

22

23

24

View Amp
DOI: 10.1039/C4GC01822B

Tundo, Eur. J. Org. Chem., 2012, 3223; g) F. Arico, S. Evaristo, P.
Tundo, ACS Sustainable Chem. Eng., 2013, 1, 1319.

a) H. S. Bevinakatti, C. P. Newman, S. Ellwood, P. Tundo, F. Arico,
W02009010791 (A2), 2009; b) F. Aricd, P. Tundo, A. Maranzana,
G. Tonachini, ChemSusChem, 2012, 5, 1578.

a) F. Arico, U. Toniolo, P. Tundo, Green Chem., 2012, 14, 58; b) F.
Arico, P. Tundo, J. Chin. Chem. Soc., 2012, 59, 1375.

T. Ishikawa in Superbase for Organic Synthesis, Wiley & Sons, 2009
pp 1-6.

a) R. Reed, R. Reau, F. Dahan, G. Bertrand, Angew. Chem. Int. Ed.
Engl., 1993, 32, 399; b) A. Kers, I. Kers, J. Stawinski, J. Chem. Soc.
Perkin Trans. 2, 1999, 2071; c) V. K. Aggarwal, A. Mereu, Chem.
Commun., 1999, 2311; d) M. Baidya, H. Mayr, Chem. Commun.,
2008, 1792; e) D. T. Gryko, J. Pichowska, M. Tasior, J. Waluk, G.
Orzanowska, Org. Lett., 2006, 8, 4747; f) M. Blattner, M. Nieger, A.
Ruban, W. W. Schoeller, E. Niecke, Angew. Chem. Int. Ed., 2000, 39,
2768; g) W. Zhang, M. Shi, Org. Biomol. Chem., 2006, 4, 1671.

a) W.-C. Shieh, S. Dell, O. Repic, J. Org. Chem., 2002, 67, 2188; b)
W.-C. Shieh, S. Dell, O. Repic, Org. Lett., 2001, 3, 4279; c) W.-C.
Shieh, M. Lozanov, M. Loo, O. Repic, T. Blacklock, Tetrahedron
Lett., 2003, 44, 4563.

a) M. Carafa, E. Mesto, E. Quaranta, Eur. J. Org. Chem., 2011, 2458;
b) M. Carafa, V. Mele, E. Quaranta, Green. Chem., 2012, 14, 217; c)
S. T. Heller, E. E. Schultz, R. Sarpong, Angew. Chem. Int. Ed., 2012,
51, 8304; d) M. Carafa, F. lannone, V. Mele, E. Quaranta, Green
Chem., 2012, 14, 3377; e) E. Quaranta, A. Angelini, M. Carafa, A.
Dibenedetto, V. Mele, ACS Catal., 2014, 4, 195.

Selected examples are: a) M. P. Coles, Chem. Commun., 2009, 3659;
b) D. Simoni, M. Rossi, R. Rondanin, A. Mazzali, R. Baruchello, C.
Malagutti, M. Roberti, F. P. Invidata, Org. Lett., 2000, 2, 3765; c) O.
Mahé, D. Frath, |. Dez, F. Marsais, V. Levacher and J.-F. Briere,
Org. Biomol. Chem., 2009, 7, 3648; d) J. Ma, X. Zhang, N. Zhao, A.
S. N. Al- Arifi, T. Aouak, Z. A. Al-Othman, F. Xiao, W. Wei, Y.
Sun, J. Mol. Catal. A: Chem., 2010, 315, 76; e) C. Ghobril, C. Sabot,
C. Mioskowski, R. Baati, Eur. J. Org. Chem., 2008, 4104.

a) M. Firdaus, L. Montero de Espinosa, M. A. R. Meier,
Macromolecules, 2011, 44, 7253; b) N. E. Kamber, W. Jeong, R. M.
Waymouth, R. C. Pratt, B. G. G. Lohmeijer, J. L. Hedrick, Chem.
Rev., 2007, 107, 5813.

P. Fuertes, M. Ibert, E. Josien, P. Tundo, F. Arico, WO2011/039483
A1, 2011.

a) B. K. Kumar W02003/89436 Al, 2003; b) J. C. Goodwin, J. E.
Hodge, D. Weisleder Carbohydr. Res., 1980, 79, 133.

pKgy" value for TBD, DBU and DABCO in acetonitrile are
respectively 25.98, 24.33 and 18.29.

J. Name., 2012, 00,1-3 ] 9

40 of 10


http://dx.doi.org/10.1039/c4gc01822b

