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1.   General Information 

The 1H NMR spectra were recorded on a DPX-300 or Varian EM-360 (300 MHz). All chemical shifts 
(δ) were given in ppm. Data were reported as follows: chemical shift, integration, multiplicity (s = single, 
d = doublet, t = triplet, q = quartet, br = broad, m = multiplet) and coupling constants (Hz). 13C NMR 
spectra were recorded on a DPX-300 (300 MHz) or DPX-400 (400 MHz). Flash column chromatography 
was performed using H silica gel. For thin-layer chromatography (TLC), silica gel plates (HSGF 254) 
were used and compounds were visualized by irradiation with UV light. Analytical high performance 
liquid chromatography (HPLC) was carried out on WATERS equipment using chiral columns. Melting 
points were determined on a SGW X-4 melting point and were uncorrected. Optical rotations were 
measured on a JASCO P-1010 Polarimeter at λ = 589 nm. IR spectra were recorded on a Perkin-Elmer 
983G instrument. Mass spectra analysis was performed on API 200 LC/MS system (Applied Biosystems 
Co. Ltd.). The enantiomeric excesses of products were determined by chiral-phase HPLC analysis, using 
a Daicel Chiralcel OD, AD-H and AS-H column. 
  All ethyl 2-substitutedmethylallenoates were synthesized by reported methods and stored at 4 °C prior 
to use.1,2 All α-cyanoacrylates were prepared using the standard  knoevenagel condensation conditions 
from corresponding aldehydes. All acyl protected aminophosphines 4 were synthesized according to 
procedures reported previously.3,4 All reactions were carried out employing oven-dried glassware. Unless 
otherwise indicated, all compounds and reagents were purchased from commercial suppliers and purified 
by standard techniques. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 X.-F. Zhu, J. Lan and O. Kwon, J. Am. Chem. Soc. 2003, 125, 4716. 
2 R. P. Wurz and G. C. Fu, J. Am. Chem. Soc. 2005, 127, 12234. 
3 H. Xiao, Z. Chai, C.-W. Zheng, Y.-Q. Yang, W. Liu, J.-K. Zhang and G. Zhao, Angew. Chem, Int. Ed. 2010, 49, 4467. 
4 H. Xiao, Z. Chai, H.-F. Wang, D. Cao, W. Liu, X.-W. Wang, Y. Lu, Y.-Q. Yang and G. Zhao, Chem. Eur. J. 2011, 17, 

10562. 
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2.   Characterization of catalysts 4d 
(S)-3,5-dichloro-N-(1-(diphenylphosphino)-3,3-dimethylbutan-2-yl)benzamide (4d) 

 
Yield: 72%; White solid. m.p. = 164-166oC; [α]D

26 35.7 (c = 1.0, CHCl3
 ); 1H 

NMR (400 MHz, CDCl3) δ 7.50–7.42 (m, 5H), 7.36-7.30 (m, 8H), 5.73 (d, J = 
10.1 Hz, 1H), 4.30 (m, 1H), 2.51 (dt, J = 13.8, 2.3 Hz, 1H), 2.30 (dd, J = 13.8, 
12.5 Hz, 1H), 1.00 (s, 9H); 13C NMR (CDCl3, 75 MHz) δ 164.4, 138.7 (d, JC-P = 

13.9 Hz), 138.4 (d, JC-P = 13.9 Hz), 137.8, 135.2, 132.9, 132.7, 131.0, 129.0 (d, JC-P = 16.5 Hz), 128.7 
(q, JC-P = 6.9 Hz), 128.6 (d, JC-P = 6.9 Hz), 125.4, 56.2 (d, JC-P = 14.7 Hz), 36.0 (d, JC-P = 7.0 Hz), 30.4 
(d, JC-P = 13.8 Hz), 26.3; 31P NMR (CDCl3, 122 MHz) δ -20.1; IR (neat): 3246, 3071, 2962, 1637, 1565 
1433, 1305, 1071, 1026, 805, 740, 695; HRMS (ESI): calcd. for M+(C25H26NOCl2P) requires 457.1129, 
found 457.1127. 
 
 

3.   Table S1. Catalyst screening for [4 + 2] annulation of substituted 

allenoate 2 and phenylidenemalononitrile 1a'a 

 

Entry Catalyst Yieldb (%) D.r.c eed (%) 

1 4a 81 70:30 88/20 

2 4b 99 73:27 95/7 

3 4c 81 57:43 90/37 

4 4d 54 72:28 93/19 

5 4e trace - - 

6 4g 89 44:56 65/39 

7 4j 75 43:57 51/2 

8 4l 99 41:59 81/51 

9 4m 99 66:34 84/24 

PPh2

HN

O

Cl

Cl
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a All reactions were carried out with 1a’ (0.1 mmol) and α-substituted 2, 3-butadienoate 2 (0.2 mmol) in the presence of 4 

(0.01 mmol) in dichloromethane (1.0 mL) at room temperature. 
b Yields of isolated products.  
c Determined by isolated yield. 
d Determined by chiral HPLC analysis. 

 

 

4.   Table S2. Investigation on temperature and solvent effecta 

 

Entry solvent Yieldb (%) Time/h D.r.c eed (%) 

1e CH2Cl2 97 2 19:1 94 

2 CH2Cl2 97 12 19:1 95 

3f CH2Cl2 65 24 19:1 95 

4 THF 84 12 14:1 90 

5 CH3CN 91 12 14:1 76 

6 o-xylene 94 24 19:1 87 

7 toluene 89 24 19:1 90 

8 Et2O 66 12 15:1 91 

9 CH2ClCH2Cl 99 4 19:1 95 

10g CH2ClCH2Cl 94 4 19:1 96 
a All reactions were carried out with 1a (0.08 mmol) and 2-(2-ethoxy-2-oxoethyl)-2, 3-butadienoate 2 
(0.16 mmol) in the presence of 4k (0.008 mmol) in 0.8 mL of solvent at ﹣10 oC.  
b Yields of isolated products.  
c Determined by 1H NMR.  
d Determined by chiral HPLC analysis.  
e The reaction temperature was 0 oC.  
f The reaction temperature was﹣18 oC.  
g The reaction was conducted at ﹣18 oC with 12 mol% of 4k. 
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5.   NMR spectra for catalyst 4d 
(S)-3,5-dichloro-N-(1-(diphenylphosphino)-3,3-dimethylbutan-2-yl)benzamide (4d) 
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6.   NMR spectra and HPLC spectra for compounds 3 and 6 
(1R,3S)-diethyl 2,2-dicyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-3,4-dicarboxylate (3a’) 

 

 

 

( + )_

Ph CO2Et
NC CN

CO2Et
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(1R,3R)-diethyl 2,2-dicyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-3,4-dicarboxylate (S3a’) 

 
 

Ph CO2Et
NC CN

CO2Et
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(1R,2R,3R)-triethyl 2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3a) 
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(1R,2R,6R)-triethyl 1-cyano-6-isopropylcyclohex-3-ene-1,2,3-tricarboxylate (3b) 
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(1R,2R,6R)-triethyl 1-cyano-6-(naphthalen-2-yl)cyclohex-3-ene-1,2,3-tricarboxylate (3c) 
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(1R,2R,3R)-triethyl 4'-bromo-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3d) 
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(1R,2R,3R)-triethyl 4'-chloro-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3e) 
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(1R,2R,3R)-triethyl 2-cyano-4'-fluoro-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3f) 

 

 

 
 
 
 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



- 20 - 

 

 

 
 

NC CO2Et

CO2Et

CO2Et

F

( + )_

CO2Et

CO2Et

CO2EtNC
F

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



- 21 - 

 
(1R,2R,3R)-triethyl 3'-bromo-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3g) 
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(1R,2R,3R)-triethyl 3'-chloro-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3h) 
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(1S,2R,3R)-triethyl 2'-bromo-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3i) 
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(1S,2R,3R)-triethyl 2-cyano-2'-fluoro-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3j) 
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(1R,2R,3R)-triethyl 2-cyano-4'-methoxy-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate 
(3k) 
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(1R,2R,3R)-triethyl 2-cyano-3'-methoxy-1,2,3,6-tetrahydro-[1,1'-biphenyl]-2,3,4-tricarboxylate (3l) 
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(1S,2R,6S)-triethyl 1-cyano-6-(thiophen-2-yl)cyclohex-3-ene-1,2,3-tricarboxylate (3m) 
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(1R,2R,6R)-triethyl 6-(benzo[d][1,3]dioxol-5-yl)-1-cyanocyclohex-3-ene-1,2,3-tricarboxylate (3n) 
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(1R,2R,3S)-diethyl 2-benzoyl-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-3,4-dicarboxylate (6) 
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(1R,2R,3R)-diethyl 2-benzoyl-2-cyano-1,2,3,6-tetrahydro-[1,1'-biphenyl]-3,4-dicarboxylate (S6) 
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7.  Determination of Configurations for Compounds 3 and 6 
The absolute configuration of the product 3i was assigned by X-ray crystallographic analysis to be 

(1S,2R,3R) (Figure S1). The configurations of other products derived from α-cyanoacrylates were 
assigned by analogy. The configuration of the product 6 derived from oxo-diene 5 was determined by 
NOESY spectrum. The configuration of the known compound 3a' derived from arylidenemalononitriles 
were assigned by comparison with literature NMR data.5 

CCDC 860051 (3i) contains the supplementary crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via www. 
ccdc.cam.ac.uk/data_request/cif. 

 

  
Figure S1. X-ray structure of 3i 

 
Identification code                          cd201394 

Empirical formula                           C22 H24 Br N O6 

Formula weight                               478.33 

Temperature                                    293(2) K 

Wavelength                                     0.71073 A 

Crystal system                                 Monoclinic 

Space group                                     P2(1) 

Unit cell dimensions                        a = 8.1070(11) Å     α = 90 deg. 

b = 12.1050(16) Å    β = 101.055(2) deg. 

c = 11.6138(16) Å    γ = 90 deg. 

Volume                                           1118.6(3) Å3 

Z, Calculated density                      2, 1.420 Mg/m3 

Absorption coefficient                    1.874 mm-1 

F(000)                                             492 

Crystal size                                     0.357 x 0.128 x 0.124 mm3 

Theta range for data collection       1.79 to 26.00 deg. 

Limiting indices                             -9<=h<=9, -14<=k<=14, -14<=l<=11 

Reflections collected / unique         6158 / 4065 [R(int) = 0.0667] 

Completeness to theta = 26.00        99.6 % 

Absorption correction                      Empirical 

CO2Et

CO2Et

Br

NC CO2Et

3i
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Max. and min. transmission            1.0000 and 0.0946 

Refinement method                          Full-matrix least-squares on F2 

Data /restraints / parameters               4065 / 29 / 285 

Goodness-of-fit on F2                         0.920 

Final R indices [I>2sigma(I)]             R1 = 0.0553, wR2 = 0.1301 

R indices (all data)                              R1 = 0.0745, wR2 = 0.1386 

Absolute structure parameter              0.017(13) 

Extinction coefficient                          0.014(3) 

Largest diff. peak and hole                  0.529 and -0.313 e.A-3 

 

NOSEY Spectra of 6 
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