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1. General information 

Reactions were monitored by thin layer chromatography using UV light or I2 to visualize the 

course of reaction. Purification of reaction products was carried out by flash chromatography on silica 

gel or atmosphere-vacuum distillation. The MALDI-TOF MS was performed using the Shimadzu 

AXIMA Performance MALDI TOF-TOF Mass Spectrometer. The ESI-MS was conducted using 

Micromass QTof Micro and Waters Synapt G2-Si. Chemical yields refer to pure isolated substances. 

1H, 13C and 31P NMR spectra were obtained using a Bruker DPX-400 or 500 spectrometer. Chemical 

shifts were reported in ppm from tetramethylsilane with the solvent resonance as the internal standard. 

The following abbreviations were used to designate chemical shift multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, h = heptet, m = multiplet, br = broad.  

All reactions were carried out under CO2 atmosphere unless noted. The metal-salen complexes 

were prepared according to literature reports.1 Epoxides 1a, 1d-h and chiral epoxides (S)-1a, (S)-1d 

were commercially available and purified via distillation before using. Epoxides 1b-c and 1i-l were 

prepared following literature methods.2 Aziridines 5 were prepared according literature reports.3 

Chiral aziridine (R)-5a was synthesized from chiral epoxides (S)-1a via Mitsunobu reaction according 

literature method.4 

List of abbreviation:  

 

Entry Chemical name Abbreviation 

1 Petroleum ether PE 

2 N,N-dimethylformamide DMF 

3 Tetrahydrofuran THF 

                                                        
(1) (a) M. S. Sigman and E. N. Jacobsen, J. Am. Chem. Soc., 1998, 120, 5315-5316; (b) A. Berkessel and M. Brandenburg, Org. Lett., 

2006, 8, 4401-4404; (c) S. Jain, X. Zheng, C. W. Jones, M. Weck and R. J. Davis, Inorg. Chem., 2007, 46, 8887-8896; (d) M. North, S. 

C. Z. Quek, N. E. Pridmore, A. C. Whitwood and X. Wu, ACS Catal., 2015, 5, 3398-3402; (e) X. Xi,  J. Shao, X. Hu and Y. Wu, RSC 

Adv., 2015, 5, 80772-80778; (f) J. J. Chapman, C. S. Day and M. E. Welker, Organometallics, 2000, 19, 1615-1618; (g) C. T. Cohen, T. 

Chu and G. W. Coates, J. Am. Chem. Soc., 2005, 127, 10869-10878.  

(2) (a) S. J. Jungk, J. A. Moore and R. D. Gandour, J. Org. Chem., 1983, 48, 1116-1120; (b) R. L. Sahani and R.-S. Liu, Chem. Commun., 

2016, 52, 7482-7485; (c) C. E. Paul, D. Tischler, A. Riedel, T. Heine, N. Itoh and F. Hollmann, ACS Catal., 2015, 5, 2961-2965. 

(3) Z.-Z. Yang, L.-N. He, S.-Y. Peng and A.-H. Liu, Green Chem., 2010, 12, 1850-1854.  

(4) R. Luisi, A. Giovine and S. Florio, Chem. Eur. J. 2010, 16, 2683-2687. 
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2. Condition optimization 

2.1 Evaluation of ligand effects in the coupling reaction of CO2 and epoxide 1a. 

To evaluate the influence of the ligand structure on the catalytic properties, a series of (salen)CoI 

complexes 3g-l with different backbones were prepared,1 and tried in the reaction of CO2 and epoxide 

1a. As shown in Scheme S1, the ligand had a great influence on the performance of the resulting 

cobalt complexes. The best result was obtained by using the combination of 3g and 4d (1.0 mol%, 

each) to mediate the reaction, which afforded the desired cyclic carbonate 2a in 88% yield after 24 

hours. Unfortunately, all the other (salen)CoI complexes 3i-l afforded inferior results. For example, 

ethane-1,2-diamine derived (salen)CoI 3i promoted the reaction less efficiently to provide 2a in an 

obviously lower 60% yield. The use of complex 3j  derived from a salophen ligand resulted in less 

than 10% conversion. Other two complexes, 3k and 3l, showed almost no catalytic activity, and only 

trace amount of 2a could be detected.  

Scheme S1. The influence of ligand structure on the catalytic properties.  
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2.2 Evaluation of different phosphoranes in the coupling reaction of CO2 with  epoxide 1a or 

aziridine 5a. 

We also tried the activation of (salen)CoI 3g by using different phosphoranes. It turned out that 

the substituents of the phosphoranes had an obvious influence on the catalytic properties of the 

resulting phosphorane-(salen)CoI complex. The optimization of a suitable phosphorane activator was 

important to improve the outcome of the coupling of CO2 with epoxide 1a or aziridine 5a, as shown in 

Table S1. For the coupling of CO2 with epoxide 1a, phosphorane 4d proved to be the best co-catalyst, 

which could activate (salen)CoI 3g to afford product 2a in 96% yield, although phosphorane 4b with a 

phenyl substituent was also an efficient activator (entry 4 vs 2, left column). 

However, in the case of aziridine 5a, the merger of (salen)CoI 3g with phosphorane 4b showed 

higher catalytic activity, allowing the reaction to give the 5-substituted oxazolidinone 6a in 63% yield 

after 24 hours. If  prolonging the reaction time to 48 hours, 96% conversion of aziridine 5a could be 

detected, along with an improved 84% yield of product 6a (entry 2, right column). 

Table S1. The influence of phosphoranes with the combination of (salen)CoI 3g. 

 

Entry Ylide 
Conv. of 1a 

(%)b 

Yield of 2a 

(%)c 

Conv. of 5a 

(%)b 

Yield of 6a 

(%)c 

1 4a: R = CO2Et 76 71 70 60 

2 4b: R = Ph 100 94 81 (96d) 63 (84d) 

3 4c: R = Me 91 85 77 58 

4 4d: R = H 100 96 77 59 

a On a 2.0 mmol scale. b Determined by 1H NMR using mesitylene as internal standard. c isolated yield. 
d 48 hours. 
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3. Mechanistic studies 

3-1. Electrical conductivity experiments 

General information for the electrical conductivity experiments: all the electrical conductivity 

experiments were conducted using the SevenCompactTM S230 conductivity meter from METTLER 

TOLEDO and its InLab® 741-ISM, 2-electrode steel conductivity sensor in anhydrous CH2Cl2 at 25 

oC. A general procedure was as follows: to an amber bottle was added anhydrous CH2Cl2. After testing 

the background electrical conductivity, the corresponding compound was added in small potions. Each 

data was collected for three times after the compound was fully dissolved and the system reached a 

balance, the average of which was used for the graphic drawing. 

The electrical conductivity of each (salen)CoX complex (3e-h) and phosphonane 4d in CH2Cl2 at a 

concentration of 0.002 mol/L all proved to be weak. The conductivity of (salen)Co(III) complexes 

ranged from 0.1 to 3.8 ɛS/cm conductivity, and that of phosphonane 4d was 2.2 ɛS/cm. However, 

with portion-wise addition of solid 4d, the conductivity of the CH2Cl2 solution of all the complexes 

(3e-h) increased dramatically, as shown in Figure S1. When 1.0 equiv of 4d was added to the CH2Cl2 

solution of complex 3e, 3f, 3g and 3h, the conductivity was increased to 26.6, 37.8, 52.2 and 52.4 

ɛS/cm, respectively. These observations strongly supported that ionization process took place to form 

a halide or a sulfonate after the activation of (salen)CoX complexes by phosphorane 4d via the Lewis 

acid-base interaction.   
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Figure S1. Influence of phosphorane on the conductivity of (salen)Co-X. 
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The electrical conductivity experiments for the combination of phosphorane 4b with (salen)CoI 3g 

was also studied, as shown in Figure S2. Although the electrical conductivity of phosphonane 4b in 

CH2CH2 was much lower than that of 4d (0.2 vs 2.2 ɛS/cm at a concentration of 0.002 mol/L), the 

conductivity of CH2Cl2 solution of (salen)CoI 3g increased from 1.2 to 5.74 ɛS/cm when 1.0 equiv of 

4b was added. These results illustrated that the ionization process also took place for the combination 

of 4b to 3g. However, under the same conditions, the electrical conductivity of complex 4b/3g is 

much lower than that of 4d/3g, which might be due to the relatively weak coordination of sterically 

hindered 4b to 3g. 

Apart from electrical conductivity experiment, MALDI -TOF MS analysis and NMR study were 

also performed to investigated the coordination of 4b to 3g, but we tried in vain to get more useful 

information for their interaction.  
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 Figure S2. Influence of phosphorane 4b on the conductivity of (salen)CoI 3g. 
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3-2. GC-MS analysis of the halogenoalcohol intermediate. 

Previously, the groups of Chisholm5 and Ren & Lu6 confirmed the role of halide, the nucleophilic 

co-catalyst in the metal catalyzed reaction of epoxide and CO2, was to facilitate the ring-opening of 

epoxides, by successful trapping of the halogenoalcohol intermediate. Therefore, we tried GC-MS 

analysis to detect the presence of the halogenoalcohol in a mixture of (salen)CoX, phosphorane and 

epoxide 1a, because the formation of a halogenoalcohol would be a proof to support the generation of 

a halide (X-) via the activation of a (salen)CoX complex by a phosphorane, which was then involved 

in the ring-opening step of epoxide. As the iodoalcohols were not stable enough to be detected, we 

finally chose (salen)CoBr 3f instead of (salen)CoI 3g for this investigation.  

A general procedure was as follows: (salen)CoBr 3f (0.1 mmol, 68.2 mg) and phosphonane 4d 

(0.1 mmol, 30.4 mg) were dissolved in 0.5 mL styrene oxide 1a (4.2 mmol). The mixture was allowed 

to stir at room temperature for 5 days, under an atmosphere of N2. Then the reaction was quenched 

with acetic acid, and the solution was poured into n-hexane, followed by the GC-MS analysis of the 

sample of supernatant. Mass spectrum of the peak at retention time 10.745 min shows the clean 

formation of bromoalcohol, m/z 200, 202 (1/1), The double peak is due to bromine isotopes in their 

natural abundance (79Br:81Br = 1:1) (Figure S3-1). However, as the reaction proceeded very slowly 

and was accompanied by the severe hydrolysis of epoxide 1a, the reaction system was in a mess, so 

we tried in vain to isolate or analyze the structure of bromoalcohol by NMR analysis. 

To further investigate its structure (2-bromo-1-phenylethanol 7 or 2-bromo-2-phenylethanol 8), 

both 7 and 8 were synthesized and applied to GC-MS analysis under the same condition (Figure S3-2 

to S3-4). It was found that both 7 and 8 were all stable enough to be detected by GC-MS, but totally 

different MS spectra were obtained, which were consistent with literature reports.8-9 A 1:1 mixture of 

7 and 8 was also analyzed by GC-MS, and it turned out that both compounds could be separated 

clearly. By comparing the standard MS spectra of 77 and 88 with our results of GC-MS analysis 

shown below, it was believed that only 2-bromo-1-phenylethanol 7 was formed during the reaction of 

styrene oxide 1a with the complex of (salen)CoBr 3f and 4d. This result suggested that the in situ 

generated halide facilitated the ring-opening of epoxide by nucleophilic attack at the less substituted 

methylene carbon of epoxide.  

                                                        
(5) N. D. Harrold, Y. Li  and M. H. Chisholm, Macromolecules, 2013, 46, 692-698. 

(6) W.-M. Ren, Y. Liu and X.-B. Lu, J. Org. Chem., 2014, 79, 9771-9777. 

(7) (a) L. H. Andradea, L. P. Rebeloa, C. G.C.M. Netto and H. E. Tomab, J. Mol. Catal. B: Enzym., 2010, 66, 55-62; (b) Y. Wang, J. 

Wang, Y. Xiong and Z.-Q. Liu, Tetrahedron Lett., 2014, 55, 2734-2737. 

(8) V. S. C. Andrade and M. C. S. Mattos, Synthesis, 2016, 48, 1381-1388. 
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Figure S3-1. GC-MS analysis of the reaction mixture. 

 

 

 

 

 

GC-MS chromatogram of the reaction mixture 

EI mass spectrum of the peak at retention time 10.745 min 
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Figure S3-2. GC-MS analysis of 2-bromo-1-phenylethanol 7. 

 

 

 

 

 

GC-MS chromatogram of compound 7 

EI mass spectrum of the peak at retention time (Rt) 10.720 min 
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Figure S3-3. GC-MS analysis of 2-bromo-2-phenylethanol 8. 

 

 

 

 

 

EI mass spectrum of the peak at Rt 10.755 min 

GC-MS chromatogram of 2-bromo-2-phenylethanol 8 
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Figure S3-4. GC-MS analysis of 1:1 mixture of 7 and 8.  

 

 

GC-MS chromatogram of 1:1 mixture of compound 7 and 8 

EI mass spectrum of the peak at Rt 10.720 min 

EI mass spectrum of the peak at Rt 10.910 min 
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3-3. MALDI -TOF MS and ESI-MS analysis 

The MALDI-TOF MS analysis undoubtedly suggested the formation of phosphorane-(salen)CoI 

complex. When a CH2Cl2 solution of 1:1 mixture of phosphonane 4d and (salen)CoI 3g was subjected 

to the MALDI-TOF MS analysis, a signal at m/z 907.38 was observed, which was consistent with the 

1/1 complex 3g/4d cation, [3g/4d - I] + .  

 

Figure S4. MALDI-TOF mass spectrumof 1:1 mixture of Salen-Co-I 3g and phosphorane 4d. 

According to our previous analysis of the binding of phosphorane to (salen)Al complex9, the 

binding of a second molecule of 4d to phosphorane-(salen)CoI complex 3g/4d is possible. In order to 

detect the 1/2 complex of 3g/(4d)2 and to analyze its stability, the electrospray ionization mass 

spectrometry (ESI-MS) study of a 1:3 mixture of 3g to 4d was performed. The six-coordinated 

complex cation [3g/(4d)2 - I]
+ corresponding to the binding of two molecules of phosphorane 4d to 3g 

could be detected, with the detection of five-coordinated complex cation [3g/4d - I] + under the same 

condition (Figure S5). The existence of both complexes were further confirmed by the high resolution 

mass spectrometer (HRMS) as shown in Figure S6.  

These results strongly supported that the formation of five-coordinated 1/1 complex 3g/4d and 

six-coordinated 1/2 complex 3g/(4d)2 were all possible, depending on the amount of phosphorane 4d 

relative to 3g. For the 1:3 mixture, the binding of a second molecule of 4d was possible, leading to the 

formation of six-coordinated 1/2 complex 3g/(4d)2.  

                                                        
(9) X.-P. Zeng, Z.-Y. Cao, X. Wang, L. Chen, F. Zhou, F. Zhu, C.-H. Wang and J. Zhou, J. Am. Chem. Soc., 2016, 138, 416-425. 
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These results also gave a good explanation as for why the utilization of 3.0 equivs of 4d relative to 

3g almost terminated the reaction, as shown in Table 3. The six-coordinated 1/2 complex had no 

catalytic activity as the phosphorane occupied all the empty coordinating sites of cobalt center.  

 

Figure S5. ESI mass spectrum analysis of 1:3 mixture of Salen-Co-I 3g and 4d. 

 

Figure S6. ESI-HRMS of 1/1 and 1/2 complex. (up: theoretical isotopic pattern; down: experimental 

isotopic pattern) 

Inspired by the work of Zhang & Lu,10 the stability of the complexes formed were studied by 

collision-induced dissociation (CID) experiments on the basis of the interaction with the collision gas 

(Figure S7-S8). It was found that with the increase of the collision voltage, the peak intensity of the 

six-coordinated complex cation [3g/(4d)2 - I] + decreased, meanwhile the peak intensity of the 

five-coordinated complex cation [3g/4d - I] + increased in proportion. This result demonstrated that 

six-coordinated complex cation [3g/(4d)2 - I] + with two molecules of phosphorane 4d exhibited 

relatively lower stability, and the second molecule of phosphorane in [3g/(4d)2 - I]
+ could easily lost 

to form the more stable [3g/4d - I] + complex. The determination of the coordination of epoxide 1a 

with the phosphorane-(salen)CoI complex 3g/4d was also attempted, but in vain, probably duo to the 

                                                        
(10) D.-Y. Rao, B. Li, R. Zhang, H. Wang and X.-B. Lu, Inorg. Chem., 2009, 48, 2830-2836.  
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weak coordinating ability of the epoxide. 
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Figure S7. Plots of [3g/(4d)2 - I]+ abundance versus CID voltage in the CID chamber under 0.0827 MPa Helium. 

 

Figure S8. CID spectrum of the [3g/(4d)2-I]
+ ion, m/z 1211. (left column: collision voltage from 3 to 

21 V; right column: collision voltage from 23 to 41 V). 
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3-4. NMR study 

The NMR studies were conducted to investigate the coordination fashion of the phosphonane 4d 

to (salen)CoI 3g. Phosphoranes might form C-coordinated (I) or O-coordinated (II) metal complexes 

(eq 1, Scheme S2).11 Previously, we confirmed the binding of phosphonane 4c to (salen)AlCl 3a was 

in an O-coordination fashion by NMR studies.12 In the case of phosphonane 4d, the NMR analysis 

was more difficult, because the study of Kayser and Hall10a showed that phosphonane 4d existed in a 

stable enolate ion formation, as a mixture of isometric forms 4d-cis (Z) and 4d-trans (E) (eq 2). 

Scheme S2. Coordination fashion of phosphonane to metal salen complex. 

 

The general procedure for NMR analysis was as follows: to a 5 mm NMR tube containing 0.5 

mL of CDCl3 were added (salen)CoI 3g and phosphonane 4d. The mixture was fully dissolved and 

balanced at room temperature for 0.5 h, and then subjected to NMR studies (500 MHz for 1H, 125 

MHz for 13C and 252 MHz for 31P) at room temperature. H3PO4 was used as an external standard for 

the 31P NMR studies. The chemical shifts (ppm) and coupling constants (Hz) of characteristic peaks of 

phosphonane 4d and the 1:1 mixture of 4d and 3g were summarized in Table S3. 

In the 1H NMR spectrum of free phosphonane 4d, the signal of the H(1) proton presented as two 

sharp quartets at 3.68 and 4.10 ppm for cis and trans, respectively, so did the peak for H(2) proton at 

8.97 ppm (cis) and 8.22 ppm (trans). After 1.0 equiv of (salen)CoI was added, the quaternary H(1)-cis 

signal slightly changed from 3.68 (JPH = 24.5 Hz) to 3.63 ppm (JPH = 23.0 Hz), but the signals of 

                                                        
(11) (a) M. M. Kayser and K. L. Hatt, Can. J. Chem., 1991, 69, 1929-1939; (b) P. A. Byrne, K. Karaghiosoff and H. Mayr, J. Am. Chem. 

Soc., 2016, 138, 11272-11281; (c) L. R. Falvello, S. Fernández, R. Navarro, I. Pascual and E. P. Urriolabeitia, J. Chem. Soc. Dalton 

Trans., 1997, 763-771. 

(12) X.-P. Zeng, Z.-Y. Cao, X. Wang, L. Chen, F. Zhou, F. Zhu, C.-H. Wang and J. Zhou, J. Am. Chem. Soc., 2016, 138, 416-425.  
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H(1)-trans and H(2) almost disappeared. For the 2:1 mixture of phosphonane 4d and (salen)CoI 3g, 

there was almost no further changes for the H(1)-cis signal, but the weak signals of H(1)-trans and 

H(2) corresponding to the free phosphonane 4d could be detected, indicating the binding of a second 

molecule of 4d to phsophorane-(salen)CoI complex 4d/3g should be in a balance.  

Table S3. Characteristic peaks of 4d and the 1:1 mixture of 4d/3g. 

Compound 
H(1) 

(ŭ, ppm) 

H(2) 

(ŭ, ppm) 

C(1) 

(ŭ, ppm) 

C(2) 

(ŭ, ppm) 

P 

(ŭ, ppm) 

trans-4d 

4.10 

JHH 10.5 

JPH 19.5 

8.22 

JHH 11.0 

JPH 3.5 

56.56 

JPC 109.6 

181.57 

JPC 6.2 
19.26 

cis-4d 

3.68 

JHH 3.0 

JPH 24.5 

8.97 

JHH 2.5 

JPH 38.0 

54.87 

JPC 99.4 

181.50 

JPC 7.9 
15.22 

4d/3g  

(1/1) 

3.63 

JHH 5.5 

JPH 23.0 

--- 
63.43 

JPC 99.6 

182.36 

JPC 2.5 
14.38 

 

 

Figure S9. 1H and 13C NMR studies. 
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The 13C NMR spectra of free 4d also showed the existence of 4d-cis and 4d-trans isomers. Again, 

when 1.0 equiv of (salen)CoI 3g was added to the solution of 4d in CDCl3, the characteristic signal of 

doublet C(1)-cis carbon shifted downfield from 54.87 (JPC = 99.4 Hz) to 63.43 ppm (JPC = 99.6 Hz), 

and the C(1)-trans carbon signal at 56.56 ppm (JPC = 109.6 Hz) disappeared. Further increasing the 

amount of 4d did not bring about further changes.  

According to literature reports,10c the C-coordination of phosphorane to metal complex would 

result in the hybridization of the ylidic carbon (C1 of 4d) changing from sp2 to sp3, and thus the 

upfield-shift of the C1 carbon signal would be observed. However, the current studies detected an 

obvious downfield-shift from 54.87 ppm to 63.43 ppm of C(1) carbon, which suggested an O-bonding 

mode of phosphonane 4d to 3g.10c In addition, the coupling constant JPH for H(1) and JPC for C(1) of 

the coordinated phosphonane were very similar to that observed for the free 4d-cis isomer, which 

implied that the binding of the cis isomeric form of phosphorane 4d to (salen)CoI 3g was favored, and 

the trans isomeric form of 4d readily balanced to the corresponding cis form for coordination. 

The 31P NMR studies also supported the cis O-coordination fashion of 4d to 3g. The signals of 

free 4d-cis and 4d-trans was at 15.22 ppm and 19.26 ppm, respectively. The 1:1 mixture of 4d and 3g 

showed a peak at 14.38 ppm, which was consistent with a O-coordination fashion. If C-coordination, 

the downfield shift of the phosphine signal should be observed due to the change in the hybridization 

of the ylidic carbon (sp2 to sp3).10c The presence of only one signal should be attributed to the 

cis-O-coordinated phosphonane, and further illustrated the balance of 4d-trans to 4d-cis. Further 

addition of phosphorane 4d, resulted in an obviously upfield shift, which suggested the formation of 

the new complex composed of two molecules of phosphorane 4d and one molecule of 3g, and the 

binding of a second molecule of 4d to phsophorane-(salen)CoI complex 4d-3g should be in a balance, 

which was in accordance with our mass spectroscopy analysis in part 3-3. The spectra of a 4:1 mixture 

of 4d and 3g showed the signals corresponding to free phosphonane 4d, indicating the saturated 

coordination of 4d to 3g.  

The spectra of a 1:1:1 mixture of 4d, 3g and 1a was similar to that of the 1:1 complex of 4d and 

3g. Only the major peak was shifted upfield from 14.377 ppm to 14.309 ppm. This slight difference 

might be caused by the further coordination of 1a to the central Co metal. 

Based on the above NMR studies, we believed that phosphonane 4d coordinated to (salen)CoI 

3g in a cis O-coordination fashion, as depicted in eq 3 of Scheme S2. 
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Figure S10. 31P NMR stud6ies. 
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4. Reaction of CO2 with terminal epoxides. 

 

A 10 mL Schlenk tube equipped with a CO2 balloon was bubbled with CO2 to evacuate air. Then 

(salen)CoI 3g (0.05 mmol), phosphorane 4d (0.05 mmol) and epoxide 1 (5 mmol) were added 

successively. The mixture was stirred at 25 °C for 24 to 36 hours. For low-boiling-point epoxides (1d, 

1e), an internal condenser was equipped to avoid the volatilization of the epoxides (as shown above). 

After TLC analysis indicated the almost full consumption of 1, mesitylene was added as an internal 

standard for the 1H NMR analysis, to estimate the reaction conversion and to detect whether 

polycarbonates were generated. The 1H NMR spectra of the corresponding crude mixture of each 

reaction was shown with that of the each compound (see section 7 of the SI), to demonstrate that no 

polycarbonates were produced in each coupling reaction. In some cases, CH2Cl2 was added to fully 

dissolve the solid cyclic carbonates. After NMR analysis, the sample for analysis and the rest mixture 

were combined for column chromatography purification, to afford the desired pure cyclic carbonates. 

All  of the cyclic carbonates are known compounds, and the spectroscopic data of 1H and 13C NMR 

were consistent with literature reports.13 

 
1H NMR (400 MHz, CDCl3) ŭ 7.45-7.43 (m, 3H), 7.37-7.36 (m, 2H), 5.68 (t, J = 8.0 Hz, 

1H), 4.80 (t, J = 8.4 Hz, 1H), 4.34 (t, J = 8.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) ŭ 

154.90, 135.81, 129.77, 129.26, 125.92, 78.04, 71.22. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.25-7.21 (m, 4H), 5.62 (t, J = 8.0 Hz, 1H), 4.75 (t, J = 

8.4 Hz, 1H), 4.33-4.29 (m, 1H), 2.36 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 155.02, 

139.83, 132.82, 129.85, 126.06, 78.16, 71.20, 21.21.  

                                                        
(13) (a) H. Zhou, G.-X. Wang, W.-Z. Zhang and X.-B. Lu, ACS Catal., 2015, 5, 6773-6779; (b) J. A. Castro-Osma, K. J. Lamb and M. 

North, ACS Catal., 2016, 6, 5012-5025; (c) W. Clegg, R. W. Harrington, M. North and R. Pasquale, Chem.-Eur. J., 2010, 16, 6828-6843. 
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1H NMR (400 MHz, CDCl3) ŭ 7.40 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H), 5.68  

(t, J = 8.0 Hz, 1H), 4.82 (t, J = 8.4 Hz, 1H), 4.30 (t, J = 8.2 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) ŭ 154.74, 135.61, 134.39, 129.43, 127.45, 77.35, 71.08. 

 
1H NMR (400 MHz, CDCl3) ŭ 4.92-4.83 (m, 1H), 4.57 (t, J = 8.0 Hz, 1H), 4.04 (t, J = 

7.8 Hz, 1H), 1.50 (d, J = 6.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) ŭ 155.27, 73.82, 

70.76, 19.21. 

 
1H NMR (400 MHz, CDCl3) ŭ 4.70-4.64 (m, 1H), 4.53 (t, J = 8.0 Hz, 1H), 4.09 (t, J = 

7.6 Hz, 1H), 1.89-1.70 (m, 2H), 1.04 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) ŭ 

155.22, 78.12, 69.05, 26.69, 8.27. 

 
1H NMR (400 MHz, CDCl3) ŭ 4.73-4.67 (m, 1H), 4.53 (t, J = 8.2 Hz, 1H), 4.07 (t, J = 

7.8 Hz, 1H), 1.83-1.79 (m, 1H), 1.72-1.66 (m, 1H), 1.48-1.35 (m, 4H), 0.93 (t, J = 6.8 Hz, 

3H). 13C NMR (100 MHz, CDCl3) ŭ 155.16, 77.16, 69.42, 33.38, 26.34, 22.14, 13.66. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.34-7.25 (m, 3H), 7.22-7.20 (m, 2H), 4.90 (p, J = 6.8 Hz, 

1H), 4.40 (t, J = 8.2 Hz, 1H), 4.13 (t, J = 7.6 Hz, 1H), 3.09, 2.96 (ABd, J = 14.4, 6.2 Hz, 

2H). 13C NMR (100 MHz, CDCl3) ŭ 154.94, 134.17, 129.40, 128.95, 127.51, 76.96, 

68.57, 39.51. 

 
1H NMR (400 MHz, CDCl3) ŭ 5.01-4.95 (m, 1H), 4.60 (t, J = 8.4 Hz, 1H), 4.42 (dd, J = 

8.9, 5.6 Hz, 1H), 3.80, 3.74 (ABd, J = 12.0, 5.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) ŭ 

154.62, 74.62, 67.00, 44.28. 

 
1H NMR (400 MHz, CDCl3) ŭ 4.82-4.76 (m, 1H), 4.49 (t, J = 8.2 Hz, 1H), 4.39 (dd, J = 

8.4, 6.0 Hz, 1H), 3.68-3.59 (m, 3H), 1.17 (dd, J = 6.4, 1.4 Hz, 6H). 13C NMR (100 MHz, 

CDCl3) ŭ 155.24, 75.51, 72.53, 67.04, 66.23, 21.69, 21.58. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.38-7.30 (m, 5H), 4.83-4.78 (m, 1H), 4.62, 4.57 (ABd, J 

= 22.0, 12.0 Hz, 2H), 4.48 (t, J = 8.4 Hz, 1H), 4.38 (dd, J = 8.4, 6.0 Hz, 1H), 3.71, 3.62 

(ABd, J = 10.8, 4.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) ŭ 155.34, 137.52, 128.56, 

127.97, 127.71, 75.44, 73.43, 69.09, 66.29. 
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1H NMR (400 MHz, CDCl3) ŭ 5.92-5.83 (m, 1H), 5.32-5.22 (m, 2H), 4.85-4.80 (m, 

1H), 4.51 (t, J = 8.4 Hz, 1H), 4.41 (dd, J = 8.0, 6.4 Hz, 1H), 4.09-4.04 (m, 2H), 

3.70, 3.63 (ABd, J = 11.2, 4.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) ŭ 155.14, 

133.78, 117.58, 75.30, 72.41, 68.89, 66.25. 

 
1H NMR (400 MHz, CDCl3) ŭ 4.88-4.83 (m, 1H), 4.52 (t, J = 8.4 Hz, 1H), 4.41 (dd, 

J = 8.4, 6.0 Hz, 1H), 4.28, 4.21 (ABd, J = 16.0, 2.4 Hz, 2H), 3.80, 3.75 (ABd, J = 

10.8, 4.0 Hz, 2H), 2.50 (t, J = 2.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) ŭ 155.14, 

78.82, 75.67, 75.12, 68.57, 66.17, 58.64. 

 

A 100 mL Schlenk tube equipped with a CO2 balloon was bubbled with CO2 to evacuate air. Then 

(salen)CoI 3g (0.05 mmol), phosphorane 4d (0.05 mmol) and epoxide 1 (50 mmol) were added 

successively. An internal condenser was equipped to avoid the volatilization of the epoxides. After the 

mixture was stirred at 25 °C for 15 days, CH2Br2 was added as an internal standard for 1H NMR 

analysis, which indicated that 94% conversion was obtained. Then vacuum distillation gave the 

desired cyclic carbonate 2e in 79% yield. 
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  5. Reaction of CO2 with aziridines. 

 

A 10 mL Schlenk tube equipped with a CO2 balloon was bubbled with CO2 to evacuate air. Then 

(salen)CoI 3g (0.05 mmol), phosphorane 4b (0.05 mmol) and aziridine 5 (2.0 mmol) were added 

successively. The mixture was stirred at 25 °C for 48 h. After TLC analysis indicated the almost full 

consumption of 5, mesitylene was added as an internal standard for the 1H NMR analysis, to estimate 

the reaction conversion and to detect whether 4-substituted oxazolidinones were generated. The 1H 

NMR spectra of the corresponding crude mixture of each reaction was shown with that of each pure 

compound (see section 7 of the SI), to demonstrate that only 5-substituted oxazolidinone was 

produced in each coupling reaction. In some cases, CH2Cl2 was added to the system to fully dissolve 

the solid oxazolidinones. The products were purified by column chromatography and characterized by 

1H and 13C NMR. Apart from 6g and 6h, all of the other cyclic carbonates are known compounds, and 

the spectroscopic data were consistent with those reported in the literature.7,14 

 
1H NMR (400 MHz, CDCl3) ŭ 7.43-7.35 (m, 5H), 5.49 (t, J = 8.0 Hz, 1H), 3.92 (t, J = 

8.6 Hz, 1H), 3.45 (t, J = 8.0 Hz, 1H), 2.93 (s, 3H). 13C NMR (100 MHz, CDCl3) ŭ 

158.17, 138.79, 128.82, 128.73, 125.61, 74.17, 54.28, 31.01. 

 
1H NMR (400 MHz, CDCl3): 

1H NMR (400 MHz, CDCl3) ŭ 7.43-7.34 (m, 5H), 5.49 (t, J 

= 8.0 Hz, 1H), 3.93 (t, J = 8.8 Hz, 1H), 3.46-3.33 (m, 3H), 1.18 (t, J = 7.2 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) ŭ 157.60, 138.93, 128.81, 128.68, 125.56, 74.28, 51.45, 38.79, 

12.51. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.38-7.34 (m, 5H), 7.32-7.28 (m, 5H), 5.47 (t, J = 8.2 Hz, 

1H), 4.55, 4.40 (AB, J = 60.0, 14.8 Hz, 2H), 3.77 (t, J = 8.8 Hz, 1H), 3.31 (dd, J = 8.4, 

7.8 Hz, 1H).13C NMR (100 MHz, CDCl3) ŭ 158.02, 138.62, 135.67, 128.91, 128.83, 

128.19, 128.07, 125.57, 74.57, 51.57, 48.42. 

 

                                                        
(14) (a) Y. Du, Y. Wu, A.-H. Liu and L.-N. He, J. Org. Chem., 2008, 73, 4709-4712; (b) Y. Tsujimoto, A. Kosaka, M. Hayashi, T. 

Miyamoto and Y. Odaira, Bull. Chem. Soc. Jpn., 1979, 52, 2729-2730. 
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1H NMR (400 MHz, CDCl3) ŭ 7.44-7.36 (m, 5H), 5.68-5.62 (m, 2H), 3.99 (t, J = 8.8 Hz, 

1H), 3.55 (t, J = 8.0 Hz, 1H).13C NMR (100 MHz, CDCl3) ŭ 160.33, 138.51, 128.92, 

125.75, 77.97, 48.39. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.26-7.20 (m, 4H), 5.45 (t, J = 8.0 Hz, 1H), 3.89 (t, 

J = 8.6 Hz, 1H), 3.43 (dd, J = 8.8, 7.6 Hz, 1H), 2.93 (s, 3H), 2.36 (s, 3H). 13C 

NMR (100 MHz, CDCl3) ŭ 158.28, 138.62, 135.71, 129.48, 125.68, 74.27, 54.37, 

31.02, 21.15. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.39-7.37 (m, 2H), 7.31-7.26 (m, 2H), 5.46 (t, J = 

8.0 Hz, 1H), 3.92 (t, J = 8.6 Hz, 1H), 3.40 (dd, J = 8.8, 7.2 Hz, 1H), 2.93 (s, 3H). 

13C NMR (100 MHz, CDCl3) ŭ 157.89, 137.35, 134.37, 128.94, 127.13, 73.46, 

54.14, 31.00. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.38-7.32 (m, 4H), 5.46 (t, J = 8.0 Hz, 1H), 4.45 

(s, 2H), 3.91 (t, J = 8.8 Hz, 1H), 3.43-3.38 (m, 4H), 2.90 (s, 3H).13C NMR (100 

MHz, CDCl3) ŭ 158.17, 138.97, 138.07, 128.09, 125.66, 74.13, 74.03, 58.24, 

54.36, 31.05. HRMS (ESI): Exact mass calcd for C12H16NO3 [M+H] +: 

222.1125, Found: 222.1124. 

 
1H NMR (400 MHz, CDCl3) ŭ 7.89-7.83 (m, 4H), 7.52-7.50 (m, 2H), 7.41 (dd, 

J = 8.4, 1.6 Hz, 1H), 5.64 (t, J = 8.0 Hz,, 1H), 3.97 (t, J = 8.8 Hz, 1H), 3.51 

(dd, J = 8.4, 7.4 Hz, 1H), 2.94 (s, 3H).13C NMR (100 MHz, CDCl3) ŭ 158.27, 

135.97, 133.33, 133.04, 129.08, 128.10, 127.79, 126.72, 126.64, 124.89, 

122.76, 74.29, 54.41, 31.17. HRMS (ESI): Exact mass calcd for C14H14NO2 

[M+H] +: 228.1018, Found: 228.1019. 
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6. Absolute configuration determination  

The absolute configuration of chiral products 2a, 2d and 6a for the reaction of (S)-1a, (S)-1d and 

(R)-5a with CO2 were determined via the comparison of optical rotation or HPLC spectrum with the 

literature reports.14-16 

 

Chiral HPLC analysis (Chiralpak OD-H, iPrOH/hexane = 30/70, 1.0 mL/min, 215 nm; 

tr (minor) = 10.387 min, tr (major) = 11.680 min) gave the isomeric composition of the 

product: 93% ee, [Ŭ]D
11

 = +87.3 (c = 0.90, CHCl3). The absolute configuration of chiral  

product 2a for the reaction of (S)-1a was assigned to be S by comparing its HPLC 

performance with the literature report.15 

 

Chiral GC analysis [Agilent, Chirasil DEX CB 25 m Ĭ 0.25 mm Ĭ 0.25 ɛm, column 

temp = 65 oC, Injector temp = 200 oC, Detector temp = 250 oC, Inlet pressure = 70 kPa), 

tr (major) = 14.263 min.] gave the isomeric composition of the product: >99% ee; [Ŭ]D
11 

= -96.7 (c = 1.00, CHCl3). The absolute configuration of chiral product 2d for the 

reaction of (S)-1d was assigned to be S by comparing its optical rotation with the literature report.16 

 

Chiral HPLC analysis (Chiralpak OD-H, iPrOH/hexane = 10/90, 1.0 mL/min, 205 nm; tr 

(major) = 35.712 min) gave the isomeric composition of the product: >99% ee, [Ŭ]D
11

 = 

-35.2 (c = 1.10, CHCl3). The absolute configuration of product 6a for the reaction of 

(S)-5a was assigned to be R by comparing its optical rotation with the literature report.17 

 

 

 

 

 

 

 

 

 

                                                        
(15) D. Zhao, X.-H. Liu, Z.-Z. Shi, C.-D. Zhu, Y. Zhao, P. Wang and W.-Y. Sun, Dalton Trans., 2016, 45, 14184-14190. 

(16) H. Kisch, R. Millini  and I.-J. Wang, Chem. Ber. 1986, 119, 1090-1094. 

(17) T. Ohkuma, D. Ishii, H. Takeno and R. Noyori, J. Am. Chem. Soc. 2000, 122, 6510-6511. 
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7. NMR and HPLC spectra 

The 1H and 13C NMR spectra were obtained using a Bruker DPX-400 spectrometer. Chemical 

shifts were reported in ppm from tetramethylsilane with the solvent resonance as the internal standard. 

The following abbreviations were used to designate chemical shift multiplicities: s = singlet, d = 

doublet, t = triplet, q = quartet, h = heptet, m = multiplet, br = broad. 

Note: 

1. The 1H NMR analysis of the corresponding crude mixture of each reaction with mesitylene as 

internal standard was performed as shown below, to estimate the conversion and the selectivity of 

the reaction. 

2. For the coupling reaction of epoxide and CO2, no polycarbonate formation was detected by NMR 

analysis. For instance, according the study of Lu & Darensbourg,18 for the 1H NMR spectrum of 

the polycarbonate 2aô in CDCl3, the resonance of methine CH in styrene carbonate unit should be 

found at 5.87 ppm as a broad peak, but which was unobserved in our system.  

 

3. For the coupling reaction of the coupling of aziridines with CO2, only 5-substituted 

oxazolidinones were formed. For example, the signal of the methine CH of 4-substituted 

oxazolidinone 6a should be presented at 4.65 ppm, but which was not observed in the 1H NMR 

spectrum of the crude mixture.  

                                                        
18 G.-P. Wu, S.-H. Wei, X.-B. Lu, W.-M. Ren and D. J. Darensbourg, Macromolecules, 2010, 43, 9202-9204.  
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