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Abstract. Al(III) complexes derived from aminotriphenolate 
ligands are shown to be excellent catalysts for the formation 
of cyclic sulphites from a range of (functionalized) terminal 
and internal epoxides, and ex situ generated sulphur dioxide. 
The developed catalytic protocol is characterized by its 
operational simplicity, wide scope in epoxide reaction 
partners, good to excellent isolated yields and mild reaction 

conditions (5070ºC, p(SO2) <  1 bar). The synthetic 
potential of these cyclic sulphites in organic synthesis is 
demonstrated in the preparation of N-substituted aziridines 
through a three-step protocol. 
 
Keywords: Aluminum; Aziridines; Cyclic Sulphites; 
Homogeneous Catalysis; Sulphur Dioxide. 

 

Introduction 

Small molecule catalysis and recycling has become a 
popular and rewarding theme in the field of organic 
synthesis.[1] In particular, the conversion of 
heterocumulenes such as carbon dioxide (CO2),[2] 
carbon disulphide (CS2)[3] and isocyanates (RNCO)[4] 
has received a great deal of attention enabling the 
synthesis of various heterocyclic structures. Whereas 
the use of CO2 as a carbon synthon in synthesis has 
now been well-established,[5] the use of sulphur 
dioxide (SO2) as a reagent is still in its infancy.[6] One 
of the targeted structures that can be prepared from 
SO2 are cyclic sulphites (i.e., 1,3,2-dioxathiolane 2-
oxides) by coupling with epoxides (Scheme 1), 
providing structures of use in polymer science, as 
electrolyte solvents or as synthetic intermediates.[7] 

The SO2 approach has been developed as a more 
sustainable methodology compared to the 
conventional preparation of these scaffolds through a 
base-assisted reaction of 1,2-diols with thionyl 
chloride that generates stoichiometric amounts of 
halide-containing by-products.[8] Despite the 
development of various effective homogeneous and 
heterogeneous catalyst systems for the coupling of 
epoxides and SO2,[9] there are still synthetic challenges 
to overcome pertinent to a more general and 
sustainable route towards these cyclic sulphites. In 
particular, low-temperature conversions and further 
widening the scope in reaction partners may be 
required to valorise these cyclic sulphites as chemical 
building blocks. To this end, isolation of the pure 
sulphite targets is often hampered due to the presence 

of mixtures of poly- and cyclic sulphites. Moreover, as 
far as we know only limited potential towards the more 
challenging coupling of internal epoxides and SO2 has 
been reported to date. Consequently, this restricts the 
synthesis of cyclic sulphites mostly to the use of 
terminal oxiranes. 

 

 

Scheme 1. Conversion of SO2 into cyclic sulphites by 

reaction with epoxides: below the current approach.  
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In recent years, we have reported on the application 
of highly reactive and versatile Al(III) 
aminotriphenolate catalysts (Scheme 1) in the 
activation of terminal and internal epoxides towards 
the formation of various heterocyclic products[10] and 
polymers.[11] Inspired by these results we envisaged 
that these Al(III) complexes would also be potentially 
useful for the coupling of epoxides and SO2 to afford 
cyclic sulphites, and moreover could offer a more 
powerful methodology towards their formation. The 
present contribution will show that these catalyst 
systems indeed show unparalleled reactivity and 
unusual scope in the formation of these sulphur-
containing heterocycles in good to excellent isolated 
yields under attractive mild conditions. Furthermore, 
the use of these cyclic sulphites as molecular synthons 
is demonstrated in the preparation of N-substituted 
aziridines, which can be easily obtained through 
oxidation of the sulphite to a sulphate intermediate 
followed by subsequent aminolysis and a Wenker type 
base-assisted cyclization.[12] 

Results and Discussion 

Our first attempts to produce cyclic sulphites from 
epoxides and SO2 were based on the use of DABSO 
(the bis-SO2 adduct derived from DABCO: 1,4-
diazabicyclo[2.2.2]octane) as an easy to handle SO2 
surrogate,[13] see Table 1. Among the metal complexes 
used (cf., AG), the Al(III) aminotriphenolate C, 
combined with an external nucleophile (NBu4I) to 
mediate the epoxide ring-opening, gave the best results 
in terms of isolated yield (entry 3; 55% after 3 h, 63% 
after 6 h). Other polar solvents than acetonitrile were 
also examined but gave inferior results (entries 912). 
More importantly, the use of the nucleophilic additive 
only (entry 13) produced only a slightly lower yield 
(45%) than noted for the best case scenario (entry 
3).[14] We therefore investigated the kinetic profile for 
the synthesis of 1 from 1,2-epoxyhexane and DABSO 
in more detail (Figure 1). 

As can be judged from Figure 1, formation in the 
presence or absence of complex C (i.e., traces (a) and 
(b) in the graph) does not show much difference, and 
the yield of cyclic sulphite 1 reaches a plateau after 
around 800 min. This suggests that the Lewis acid 
catalytic potential of Al-complex C is significantly 
hampered under these experimental conditions. The 
most likely reason for this lethargic behaviour is the 
release of the bicyclic amine DABCO during the 
course of the reaction when more SO2 (DABSO) is 
consumed. Such diamines (and other N-donor Lewis 
bases) were found to be good ligands for Al(III) and 
Fe(III) aminotriphenolate complexes[15] and the 
presence of DABCO almost certainly causes catalyst 
deactivation. In order to avoid in situ deactivation of 
Al-complex C, we designed a different protocol that 
takes advantage of easy SO2 generation under practical 
conditions using a combination of copper powder and 
H2SO4. Ex situ formation of SO2 and using a gentle and 

optimized nitrogen flow (Supporting Information for 
more details) to transport the reactant to a reactor 
containing the epoxide and catalyst should deliver a 
more productive protocol for cyclic sulphite formation. 
Indeed, when we probed such conditions (Table 2 and 
Figure 1) we noted that the reaction towards the 
formation of 1 proceeded more smoothly and gave the 
product in nearly quantitative NMR yield after only 
200 min. 
 

Table 1. Screening study towards the formation of the 
cyclic sulphite product 1 derived from 1,2-epoxyhexane and 
DABSO using various catalysts and solvents.[a] 

 
 

Entry Cat. Solvent t 

[h] 

Yield 

[%][b] 

1 A CH3CN 3 41 

2 B CH3CN 3 51 

3 C CH3CN 3 55 (63)[c] 

4 D CH3CN 3 45 (49)[c] 

5 E CH3CN 3 31 

6 F CH3CN 3 26 

7 G CH3CN 3 30 

8 H CH3CN 3 47 (58)[c] 

9 C EtOAc 6 59 

10 C THF 6 23 

11 C DMF 6 24 

12 C MEK 6 19 

13  CH3CN 3 45 
[a] General conditions: 3.0 mmol of 1,2-epoxyhexane, 2.5 

mol% cat., 5.0 mol% NBu4I, solvent indicated (1 mL), 50ºC, 

1 eq DABSO. [b] Isolated yield. [c] Isolated yield after a 6 h 

reaction time. 

We then further optimized this improved protocol, and 
Table 2 summarizes the results from these experiments. 
Clearly, catalyst C shows the best performance 
(entries 57) with markedly better yields of 1 
compared to the reaction in the absence of the complex 
(cf., entries 2 versus 5) using lower amount of Al 
complex C (0.5 mol%) and nucleophile (2.5 mol%). 
Higher amounts of Al complex (entry 8) and an 
elevated temperature (70ºC, entry 11) did not 
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Figure 1. Kinetic profiles determined by 1H NMR (CD3CN) for the synthesis of 1 using DABSO (1.2 eq.) and mesitylene 

as internal standard. (a) Using C/NBu4I as binarycatalyst; (b) Only NBu4I; (c) Reaction performed with ex-situ generated 

SO2 from H2SO4/Cu: epoxide (3 mmol), C (1.0 mol%), NBu4I (2.5 mol%), CH3CN (1.0 mL), 50ºC. 

Table 2. Optimization of the protocol involving ex situ SO2 
formation from Cu/H2SO4 using catalysts AC/NBu4X and 
CH3CN in the formation of the cyclic sulphite product 1.[a] 

 

Entry Cat. 

[mol%] 

Nu 

[mol%] 

T 

[ºC] 

Yield 

[%][b] 

1  NBu4I (1.0) 50 11 

2  NBu4I (2.5) 50 29 

3  NBu4I (5.0) 50 61 

4  NBu4Br (2.5) 50 25 

5 C (0.5) NBu4I (2.5) 50 85 

6 B (0.5) NBu4I (2.5) 50 41 

7 A (0.5) NBu4I (2.5) 50 65 

8 C (1.0) NBu4I (2.5) 50 86 

9 C (1.0) NBu4I (1.0) 50 61 

10 C (0.5) NBu4I (2.5) 25 22 

11 C (0.5) NBu4I (2.5) 70 84 
[a] General conditions: 3.0 mmol of 1,2-epoxyhexane, C 

(amount indicated), NBu4X (amount indicated), CH3CN (1 

mL), Cu (3 eq.) in H2SO4 (10 mL) at 90ºC (ex situ), 2 h. [b] 

NMR yields based on mesitylene as an internal standard. 

much affect the yield of 1, suggesting that the 
conditions of entry 5 and 8 are fairly optimal. 

Next we investigated the scope of terminal epoxide 
substrates in the formation of various cyclic sulphites 
(cf., formation of compounds 118, Figure 2) using 1.0 
mol% of Al-complex C, 2.5 mol% of NBu4I in CH3CN 
at 50ºC. Under these conditions, cyclic sulphite 1 
could be isolated in excellent yield (93%) as a mixture 
of two diastereoisomers in a 82:18 ratio. The presence 
of two diastereo-isomers is the result of the non-
planarity of the cyclic sulphite, with the sulphur lone 
pair either being on the same or opposite side of the 
ring substituent. The two diastereo-isomers are well-
separated and assignable by NMR analysis (see 
Supporting Information). For instance, for 1 the major 
isomer is characterized by three distinct signals for the 
hydrogens attached to the sulphite ring whereas the 
minor isomer shows only 

 

Figure 2. Synthesis of cyclic sulphites 118 from various 

terminal epoxides using ex situ generated SO2. Conditions 

(unless stated otherwise): complex C (1.0 mol%), NBu4I 

(2.5 mol%), CH3CN (1.0 mL), 50ºC, 3 h. Reported yields 

are isolated ones after column purification. [a] From cyclic 

sulphite 14; 1.2 eq of phenyl carbamate, 5.0 mol% C, 18 h, 

50ºC, CH3CN. [b] 0.5 mol% C, 2.5 mol % NBu4I, 10 bar 

CO2, 6 h, 50ºC, MEK. Dr´s were determined by 1H NMR.  
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two peaks located at 4.52 and 4.32 ppm. The much 
larger difference in chemical shift for the 
methyleneH of the ring structure ( = 0.76 ppm) in 
the major isomer seem to suggest that this diastereo-
isomer has the sulphur lone pair on the same face as 
the butyl substituent, thereby causing an anisotropic 
shift for the axial H of the methylene group. For the 
majority of the other cases studied similar dr´s were 
noted. Fortunately, the X-ray molecular structure of 
cyclic sulphite 13 could be determined (Figure 3): the 
relative orientation of the ring-substituent (p-
biphenylene) and the sulphur lone pair is in line with 
the NMR observations for 1 and most of the other 
isolated products.[16] 

 

 

Figure 3. X-ray molecular structure for 13. Selected bond 

lengths (Å) and angles (º): S(1A)-O(1) = 1.454(7), S(1A)-

O(2A) = 1.633(6), S(1A)-O(3A) = 1.614(6); O(1A)-S(1A)-

O(2A) = 105.3(4), O(1A)-S(1A)-O(3A) = 108.9(4). 

Many different and potentially useful substituents 
onto the cyclic sulphite ring can be introduced 
including alcohol (4), allyloxo (6), propargyloxo (7), 
and tosyl ester (10) groups that do not seem to hamper 
product formation through coordination to the Al 
centre in C.[17] In those cases where styrene oxides 
were used (cf., the formation of 11‒13), a higher 
loading of the nucleophile was required as to prevent 
significant formation of ketone by-products through 
Meinwald rearrangement.[18] Interestingly, mono-
sulphite 14 derived from its bis-epoxide precursor 
could be isolated in 61% yield and incorporates a 
synthetically useful oxirane unit. By increasing the 
amount of SO2 to 6 eq., the bis-sulphite 15 was 
obtained as the major compound and isolated in good 
yield (89%). Compound 14 could be easily converted 
into the mixed sulphite/carbamate 17 (52%) and 
sulphite/carbonate 18 (81%) by treatment with phenyl 
carbamate and CO2, respectively, under appropriate 
reaction conditions.[10a,f] These latter conversions 
clearly demonstrate the post-modification potential of 
functional sulphites. 

Motivated by the successful preparation of 
functional mono-substituted sulphites, we next turned 
our focus towards the more challenging conversion of 
internal epoxides. We selected cyclohexene oxide 
(CHO) as a representative epoxide and followed its 
conversion in time using the optimized conditions 
established for 118 (50ºC, 3 eq. of SO2, 1.0 mol% of 
C). However, NBu4Br was utilized instead as bromide 
nucleophiles were previously shown to be more 

effective for internal epoxide conversion compared to 
iodide based ones.[10a,c,e] The conversion at 50ºC 
proved to be a bit sluggish and, moreover, 1H NMR 
analysis showed the presence of peaks reminiscent of 
poly-sulphites with only trace amounts of cyclic 
product. Therefore, the reaction between CHO and 
SO2 mediated by complex C/NBu4Br was then carried 
out at 70ºC using longer reaction times, and to our 
delight we found that the reaction mixture contained 
virtually only the cyclic sulphite product 19 
(Supporting Information for more details). The latter 
was isolated in moderate yield (46%; Figure 4) by 
chromatographic purification.  

 

 
 

Figure 4. Synthesis of cyclic sulphites 1929 from internal 

epoxides using ex situ generated SO2. Conditions (unless 

stated otherwise): complex C (1.0 mol%), NBu4Br (2.5 

mol%), CH3CN (1.0 mL), 70ºC, 16 h. Reported yields are 

isolated ones after column purification. Cis/trans 

assignments and dr ratios were determined by 1H NMR. 

Note that for the cis/trans mixtures, only the major isomer 

is drawn in the Figure. 

  

X-ray for 22 X-ray for 25
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Notably, compound 19 was mostly isolated as the 
trans isomer which is the expected result if the cyclic 
sulphite would be formed by back-biting of an initially 
formed poly-sulphite polymer.[19] 

Then other internal epoxides were examined as 
reaction partners thereby producing the cyclic 
sulphites 2029 generally in appreciable yields 
(except for 28; 21%). The more rigid nature of the 8-
membered ring epoxide leading to cyclic sulphite 29 
delivers the product in much better yield (64%) than 
noted for 28: such distinct behaviour was previously 
also noted in cyclic carbonate formation.[10e] The likely 
reason for this is the unfavourable conformation upon 
activation by the Al(III) centre in complex C thereby 
complicating nucleophile-assisted ring-opening. The 
introduction of a double bond in the 8-membered ring 
reduces the conformational complexity and flexibility, 
and this should facilitate better its conversion into the 
cyclic sulphite. The scope of products displayed in 
Figure 4 shows that epoxides with different ring sizes 
are suitable coupling partners for SO2, and as far as we 
are aware our newly developed catalytic process is the 
first to exhibit such general potential towards the 
formation of cyclic sulphides from SO2. For the 
conversion of trans-2,3-dimethyloxirane (leading to 
23) and its cis-isomer (giving rise to 24) different 
behaviour was noted. Whereas the trans substrate 
retains the original stereochemistry (cis/trans = 97:3), 
the cis-substrate gives rise to cis/trans-24 with 
significantly lower stereo-retention indicating 
competing pathways leading to the formation of this 
product.[20] 

 

Scheme 2. Synthesis of N-substituted aziridines 3032 from 

cyclic sulphites through an oxidation, aminolysis and a ring-

closure sequence. 

All new compounds were completely characterized 
by IR/NMR spectroscopic techniques, and high-
resolution mass analyses. In addition, the structures of 
22 and 25 were also confirmed by X-ray analyses 
(Figure 4, below). In the determined molecular 
structures, the same mutual orientation of the sulphur 
lone pair and the cyclic sulphide ring substituents was 
found as revealed for 13 (Figure 3). 

In order to investigate further the potential of these 
cyclic sulphites in organic synthesis, we considered 
the formation of aziridines by first oxidizing the 
respective sulphites to their sulphates.[12a] This 
oxidation could be simply achieved by NaIO4 using 
RuCl3 as catalyst. The cyclic sulphates are then easily 
ring-opened by amines allowing to form (in situ) their 
linear amino-sulphates which undergo base-assisted 
ring-closure to give the N-substituted aziridines 3032 
in appreciable yields. These Wecker type cyclizations 
are in general accompanied by by-product formation, 
and typically the amino-alcohol product (Scheme 2, 
top) is found in the crude reaction mixtures.[21] 

Azirines 30 and 31 are known compounds for which, 
however, do not exist many preparative methods.[12a,22] 
More importantly, aziridine 32 has not been reported 
before and shows that the present modular protocol 
thus offers new potential towards a wider range of N-
substituted aziridines including the use of poorly 
nucleophilic aromatic amines.  

Conclusion 

We here report on a new catalytic procedure for the 
formation of functional cyclic sulphites from a wide 
range of terminal and internal epoxides and SO2 under 
productive Al(III) catalysis. The process is 
characterized by its operational simplicity, 
unprecedented product scope and mild reaction 
conditions. Furthermore, the synthetic potential of 
these cyclic sulphites was further demonstrated by 
application in N-substituted aziridine synthesis. The 
present work thus further expands the use of small 
molecules such as SO2 in preparative chemistry, and 
offers new potential towards the construction of 
valuable chemicals.[23] 

Experimental Section 

Cyclic Sulphite Synthesis 

Copper powder (9.0 mmol) was added to sulphuric acid (10 
mL) and then heated to 90ºC. This reaction vessel was 
connected to another through a Teflon tube and an 
overpressure “trap” containing a solution of NaOH (2 M). 
The main reactor was charged with a solution of the epoxide 
(3.0 mmol), complex C (0.51.0 mol%) and NBu4I (2.55.0 
mol%) in acetonitrile (1.0 mL), and a gentle flow of N2 was 
adjusted such that the ex situ formed SO2 was transported 
towards the reactor containing the substrate/catalyst. Once 
the SO2 started to form (bubbles), the reaction flask was 
heated to 50ºC and the mixture stirred for 3 h (terminal 
epoxides) or 16 h (internal epoxides). Hereafter, the solvent 
was removed and the product purified by column 
chromatography. The corresponding analytical data and 
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NMR/IR spectra for 129 are reported in the Supporting 
Information. 

Cyclic Sulphate Synthesis 

The respective cyclic sulphite (1.0 mmol) was dissolved into 
acetonitrile (1.0 mL) and cooled down to 0ºC. Then NaIO4 
(1.2 eq), RuCl3 (1.0 mol%) and pre-cooled water (1.0 mL) 
were added to the reaction mixture. The mixture was stirred 
at room temperature for 15 min. Then the product was 
extracted with ethyl acetate and dried on anhydrous sodium 
sulphate. The crude product thus obtained was purified by 
column chromatography. 

Aziridine Synthesis 

The respective cyclic sulphate (1.0 mmol) was combined 
with the corresponding amine (1.2 mmol) and this mixture 
was stirred for 15 min, where after toluene (2.0 mL) and 
NaOH (6 M, 2.0 mL) were added. This biphasic mixture was 
heated to 70ºC and stirred for 12 h after which the product 
was extracted by ethyl acetate, concentrated and purified by 
column chromatography. The corresponding analytical data 
and NMR/IR spectra for 3032 are reported in the 
Supporting Information. 

Crystallographic Studies 

The measured crystal was stable under atmospheric 
conditions; nevertheless it was treated under inert conditions 
immersed in perfluoro-polyether as protecting oil for 
manipulation. Data Collection: measurements were made 
on a Bruker-Nonius diffractometer equipped with an 
APPEX II 4K CCD area detector, a FR591 rotating anode 
with Mo Kα radiation, Montel mirrors and a Kryoflex low 
temperature device (T = −173 °C). Full-sphere data 
collection was used with ω and φ scans. Programs used: 
Data collection Apex2 V2011.3 (Bruker-Nonius 2008), data 
reduction Saint+Version 7.60A (Bruker AXS 2008) and 
absorption correction SADABS V. 2008−1 (2008). 
Structure Solution: SHELXTL Version 6.10 (Sheldrick, 
2000) was used.[24] Structure Refinement: SHELXTL-97-
UNIX VERSION. 

Crystal data for cyclic sulphite 13: C14H12SO3, Mr = 260.30, 
monoclinic, P2(1), a = 5.7150(4) Å, b = 39.165(4) Å, c = 
5.8138(4) Å,  = 90º,  = 114.065(9)º,  = 90º, V = 
1188.20(19) Å3, Z = 4, ρ = 1.455 mg·M−3,  = 0.269 mm−1, 
 = 0.71073 Å, T = 100(2) K, F(000) = 544, crystal size = 
0.20  0.08  0.01 mm, (min) = 3.12°, (max) = 26.69°, 
12372 reflections collected, 4368 reflections unique (Rint = 
0.0682), GoF = 1.039, R1 = 0.0734 and wR2 = 0.1811 [I > 
2σ(I)], R1 = 0.0876 and wR2 = 0.1892 (all indices), min/max 
residual density = −0.605/1.116 [e·Å−3]. Completeness to 
θ(26.69°) = 91.0%. CCDC number 1494964. 

Crystal data for cyclic sulphite 22: C4H6SO4, Mr = 150.15, 
monoclinic, P2(1)/c, a = 4.3700(3) Å, b = 11.7211(8) Å, c 
= 11.1311(7) Å,  = 90º,  = 100.0185(19)º,  = 90º, V = 
561.45(6) Å3, Z = 4, ρ = 1.776 mg·M−3,  = 0.507 mm−1,  
= 0.71073 Å, T = 100(2) K, F(000) = 312, crystal size = 0.30 
 0.15  0.04 mm, (min) = 2.54°, (max) = 32.51°, 6736 
reflections collected, 1865 reflections unique (Rint = 0.0365), 
GoF = 1.046, R1 = 0.0316 and wR2 = 0.0830 [I > 2σ(I)], R1 
= 0.0393 and wR2 = 0.0887 (all indices), min/max residual 
density = −0.312/0.544 [e·Å−3]. Completeness to θ(32.51°) 
= 91.5%. CCDC number 1494963. 

Crystal data for cyclic sulphite 25: C10H10SO3, Mr = 210.24, 
monoclinic, P2(1)/c, a = 7.4377(13) Å, b = 11.56071(19) Å, 
c = 21.1227(4) Å,  = 90º,  = 90.0436(16)º,  = 90º, V = 
1816.24(5) Å3, Z = 8, ρ = 1.538 mg·M−3,  = 0.331 mm−1,  
= 0.71073 Å, T = 100(2) K, F(000) = 880, crystal size = 0.20 
 0.10  0.10 mm, (min) = 2.01°, (max) = 36.94°, 39202 
reflections collected, 8857 reflections unique (Rint = 0.0294), 
GoF = 1.081, R1 = 0.0312 and wR2 = 0.0900 [I > 2σ(I)], R1 
= 0.0358 and wR2 = 0.0942 (all indices), min/max residual 

density = −0.387/0.694 [e·Å−3]. Completeness to θ(36.94°) 
= 96.3%. CCDC number 1494965. 
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