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General Methods/Instrument Details 
 
All reactions were carried out under an inert atmosphere of nitrogen using standard 
Schlenk techniques or an inert atmosphere glovebox unless otherwise noted.  Methylene 
chloride, hexane, and tetrahydrofuran (THF) were dried using Dow-Grubbs solvent 
purification columns.1  All solvents were degassed via N2 purge prior to use.  3-tert-
butyl-5-[4'-(2-diphenylphosphinoethanesulfanyl)phenyl]salicylaldehyde and (R,R)-(-)-
1,2-cyclohexanediamino-N-(3,5-di-tert-butylsalicylidene)hydrochloride were prepared 
via published procedures.2,3  Deuterated solvents were purchased from Cambridge 
Isotope Laboratories Inc. and used as received.  [Rh(NBD)Cl]2 was purchased from 
Strem Chemicals and used as received.  All other chemicals were used as received from 
Aldrich Chemical Company.  1H NMR and 13C{1H} NMR spectra were recorded on a 
Varian Mercury 300 MHz FT-NMR spectrometer and referenced relative to TMS 
resonances in CDCl3 and to residual proton resonances in CD2Cl2.  31P{1H} NMR spectra 
were recorded on a Varian Mercury 300 MHz FT-NMR spectrometer at 121.4 MHz and 
referenced relative to an external 85% H3PO4 standard.  All chemical shifts are reported 
in ppm.  Electrospray ionization mass spectra (ESMS) were recorded on a Micromas 
Quatro II triple quadrapole mass spectrometer.  Electron impact mass spectra (EIMS) 
were recorded on a Fisons VG 70-250 SE mass spectrometer.  FT-IR spectra were 
obtained using a ThermoNicolet Nexus 670 FT-IR spectrometer and a solution cell with 
NaCl windows.  Gas chromatography (GC) data were obtained on an Agilent 
Technologies 6890 Series GC system equipped with a Supelco β-dex 120 chiral column.  
Elemental analyses were performed by Quantitative Technologies Inc., Whitehouse, NJ.   
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Synthetic Methods  
 

 
Scheme S1. Synthesis of (R,R)-1,2-cyclohexanediamino-N-(3,5-di-tertbutyl-
salicylidene)-N'-3-tert-butyl-5-[4'-(2-diphenylphosphinoethylsulphanyl)-
phenyl]salicylidene. (H2L1). 
 
 
 
 
(R,R)-1,2-cyclohexanediamino-N-(3,5-di-tert-butylsalicylidene)-N'-3-tert-butyl-5-[4'-
(2-diphenylphosphinoethylsulphanyl)phenyl]salicylidene (H2L1).  (R,R)-(-)-1,2-
cyclohexanediamino-N-(3,5-di-tert-butylsalicylidene)hydrochloride (0.74 g, 2.0 mmol) 
was placed in a Schlenk flask with triethylamine (0.28 mL, 2 mmol) and ethanol (5 mL) 
and stirred for 5 min at which time 3-tert-butyl-5-[4'-(2-diphenylphosphino-
ethanesulfanyl)phenyl]salicylaldehyde (1.0 g, 2.0 mmol) in CH2Cl2/ethanol (10 mL, 1:1) 
was added to the solution.  The resulting yellow solution was stirred for 18 h before the 
solvent was removed in vacuo.  The resulting yellow microcrystalline powder was 
purified by silica gel column chromatography (1:1 CH2Cl2:hexane).  Yield 1.4 g (85%).  
1H NMR (CDCl3): δ 14.02 (s, 1H, OH), 13.69 (s, 1H, OH), 8.33 (s, 1H, N=CH), 8.29 (s, 
1H, N=CH), 7.43-6.96 (m, 18H, aromatic), 3.33 (m, 2H, cyclohexyl), 2.95 (m, 2H, H2C-
P), 2.36 (m, 2H, H2C-S), 1.88 (m, 8H, cyclohexyl), 1.45 (s, 9H, C(CH3)3), 1.40 (s, 9H, 
C(CH3)3), 1.21 (s, 9H, C(CH3)3).  13C{1H} NMR (CDCl3): δ 166.2 (s), 165.7 (s), 160.3 
(s), 158.1 (s), 140.2 (s), 139.4 (s), 137.7 (d, JP-C = 5.7 Hz), 136.6 (s), 133.9 (s), 133.1 (s), 
132.8 (s), 130.1 (s), 129.0 (s), 128.8 (d, JP-C = 6.3 Hz), 128.3 (s), 127.3 (s), 127.1 (s), 
126.2 (s), 118.9 (s), 118.0 (s), 72.6 (s), 38.2 (s), 34.9 (s), 33.4 (s), 33.3 (s), 31.8 (s), 31.6 
(s), 31.5 (s), 30.6 (d, JP-C = 21.9 Hz), 29.6 (s), 29.6 (s), 29.5 (s), 28.6 (d, JP-C = 14.9 Hz), 
25.5 (s), 24.5 (s), 22.9 (s).  31P{1H} NMR (CDCl3): δ -16.0 (s).  High resolution EIMS 
(m/z): Calcd. for C52H63O2N2SP: 810.4342. Found: 810.4359. Anal. Calcd. for 
C52H63O2N2SP: C, 77.00; H, 7.83; N, 3.46. Found: C, 76.87; H, 7.56; N, 3.16. 
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L1Cr(III)Cl (1).  H2L1 (0.60 g, 0.74 mmol), CrCl2 (0.18 g, 1.5 mmol) and THF (20 mL) 
were combined in a small vial in an inert atmosphere glovebox and the resulting brown 
solution was stirred under a static N2 atmosphere for 3 h and then opened to air for a 
further 3 h.  The solvent was removed in vacuo.  The crude brown solid was dissolved in 
CH2Cl2, washed with saturated NH4Cl (aq) and brine, and the organic layer was dried 
over Na2SO3.  Vacuum removal of the solvent and subsequent recrystallization from 
CH2Cl2/ethyl ether yielded a brown microcrystalline solid.  Yield 0.50 g (75%).  31P{1H} 
NMR (CD2Cl2): δ -15.6 (broad s).  EIMS (m/z):  Calcd. for [C52H61O2N2SPCrCl]: 895.3. 
Found: 895.2.  Anal. Calcd for C52H61O2N2SPCrCl.CH2Cl2: C, 64.95; H, 6.48; N, 2.86. 
Found: C, 65.18; H, 6.59; N, 3.10.    
 
L1Zn(II) (2).  H2L1 (0.14 g, 0.17 mmol) was dissolved in THF (3 mL).  To this solution 
Et2Zn (0.023 g, 0.19 mmol) in THF (2 mL) was added.  The resulting yellow solution 
was stirred for 22 h.  The solvent was removed in vacuo.  The crude yellow solid was 
recrystallized from CH2Cl2/hexane to yield a yellow microcrystalline solid.  Yield 0.14 g 
(90%).  1H NMR (CD2Cl2): δ 8.45 (s, 1H, N=CH), 8.39 (s, 1H, N=CH), 7.58-7.28 (m, 
18H, aromatic), 3.15 (m, 2H, cyclohexyl), 2.98 (m, 2H, H2C-P), 2.44 (m, 2H, H2C-S), 
1.99 (m, 8H, cyclohexyl), 1.50 (s, 9H, C(CH3)3), 1.49 (s, 9H, C(CH3)3), 1.34 (s, 9H, 
C(CH3)3). 31P{1H} NMR (CD2Cl2): δ -16.3 (s).  EIMS (m/z):  Calcd. for 
[C52H61O2N2SPZn]: 872.35. Found: 872.35.  Anal. Calcd. for C52H61O2N2SPZn: C, 
71.53; H, 7.05; N, 3.21. Found: C, 71.43; H, 6.97; N, 2.98. 
 
 
[(1)2Rh]BF4 (3).  A small vial was charged with [Rh(NBD)Cl]2 (0.052 g, 0.11 mmol), 
AgBF4 (0.044 g, 0.22 mmol) and CH2Cl2 (2 ml).  This reaction was stirred for 2 h and 
then filtered dropwise through Celite into a Schlenk flask.  The resulting red solution was 
then diluted with CH2Cl2 (10 mL) to give a light red/orange “Rh” solution.  Compound 1 
(0.40 g, 0.45 mmol) in CH2Cl2 (10 mL), was added to the “Rh” solution and allowed to 
stir for 22 h.  The solvent was removed in vacuo to yield a brown microcrystalline solid.  
This solid was then dissolved in a minimal amount of CH2Cl2 and filtered through Celite.  
The brown solution was then recrystallized from CH2Cl2/hexane.  Yield  0.40 g (90%).  
31P{1H} NMR (CD2Cl2): δ 67.7 (br). ESMS (m/z): Calcd. for 
[C104H122O4N4S2P2RhCr2Cl2]+: 1896.1. Found: 1896.2.  Anal. Calcd. for 
(C104H122O4N4S2P2RhCr2Cl2BF4).1/2CH2Cl2: C, 61.97; H, 6.12; N, 2.77. Found: C, 
62.13; H, 6.18; N, 2.71.  
 
[(2)2Rh]BF4 (4).  A small vial was charged with [Rh(NBD)Cl]2 (0.015 g, 0.03 mmol), 
AgBF4 (0.012 g, 0.06 mmol) and CH2Cl2 (2 ml).  This reaction was stirred for 2 h and 
then filtered dropwise through Celite into a Schlenk flask before being diluted with 
CH2Cl2 (10 mL) to give a red/orange “Rh” solution.  Compound 2 (0.11 g, 0.13 mmol) in 
CH2Cl2 (10 mL), was added to the “Rh” solution and stirred for 22 h.  The solvent was 
removed in vacuo to yield a yellow microcrystalline solid which was recrystallized from 
CH2Cl2/hexane.  Yield  0.12 g (95%).  1H NMR (CD2Cl2):  8.84 (br, 4H, N=CH), 7.74-
7.23 (m, 36H, aromatic), 3.71 (m, 4H, cyclohexyl), 2.81 (m, 4H, H2C-P), 2.66 (m, 4H, 
H2C-S), 2.16 (m, 16H, cyclohexyl), 1.50 (s, 18H, C(CH3)3), 1.47 (s, 18H, C(CH3)3), 1.34 
(s, 18H, C(CH3)3).  31P{1H} NMR (CD2Cl2): δ 66.3 (d, JP-Rh = 162 Hz).  ESMS (m/z):  
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Calcd. for [C104H122O4N4S2P2RhZn2]1+: 1851.9. Found: 1851.7.  Anal. Calcd. for 
(C104H122O4N4S2P2RhZn2BF4).CH2Cl2: C, 62.32; H, 6.18; N, 2.77. Found: C, 62.41; H, 
5.97; N, 2.66. 
 
Synthesis of (1)2RhCl(CO) (5) and (2)2RhCl(CO) (6).  Compounds 3 and 4 were placed 
in NMR tubes in either benzonitrile, THF, or CH2Cl2 in the presence of 1 equiv bis(tri-
phenylphosphoranylidene)ammonium chloride (PPNCl).  Benzyltriethylammonium 
chloride may also be used as efficiently.  CO (1 atm) was then bubbled through the 
solutions for 30 s.  Yields of 5 and 6 were quantitative as determined by 31P NMR 
spectroscopy.  The lability of the Cl and CO ligands precluded elemental analysis and 
determination of the mass of the parent ion by mass spectroscopy. 
5:  31P{1H} NMR (CD2Cl2): δ 25.4 (br), 21.2 (s, PPN).  FTIR:  νCO = 1976 cm-1.  ESMS 
(m/z):  Calcd. for  [C104H122O4N4S2P2RhCr2Cl2]1+: 1896.1. Found: 1896.0. 
6:  1H NMR (CD2Cl2):  8.50 (s, 2H, N=CH), 8.41 (s, 2H, N=CH), 7.72-7.31 (m, 36H, 
aromatic), 3.65 (m, 4H, cyclohexyl), 3.01 (m, 4H, H2C-P), 2.45 (m, 4H, H2C-S), 1.98 (m, 
16H, cyclohexyl), 1.51 (s, 18H, C(CH3)3), 1.47 (s, 18H, C(CH3)3), 1.31 (s, 18H, 
C(CH3)3).31P{1H} NMR (CD2Cl2): δ 23.5 (d, JP-Rh = 123 Hz), 21.2 (s, PPN). FTIR:  νCO = 
1978 cm-1.  ESMS (m/z):  Calcd. for [C104H122O4N4S2P2RhZn2]1+: 1851.9. Found: 1851.7. 
 
 
 
 
 
General Procedure for Catalysis Experiments 
Product formation was monitored by GC on a Supelco β-dex 120 chiral column relative 
to 1,2,4,5-tetramethylbenzene.  All reactions were performed at room temperature.  Note: 
In the examples below “solvent” refers to either THF or benzonitrile. 
 
“Closed” Catalyst Experiment – No allosteric effectors:  Complex 3 (0.01 g, 5.1 x 10-3 
mmol), 1,2,4,5-tetramethylbenzene (0.01 g, 7.5 x 10-2 mmol), cyclohexene oxide (0.6 
mL, 6.1 mmol) and solvent (0.5 mL) were added to a 10 mL Schlenk flask and stirred for 
5 minutes.  After this time, TMSN3 (0.3 mL, 2.3 mmol) was added to the solution.  At 
various times (typically 0.5 h apart) a 0.05 mL aliquot was taken from the solution and 
added to diethyl ether (1 mL).  This was then passed down a (3 x 0.5) cm plug of silica 
gel and eluted with diethyl ether (5 mL).  Samples were taken for GC from the eluent.     
 
“Open” Catalyst Experiment – Allosteric effectors present:  Complex 3 (0.01 g, 5.1 x 
10-3 mmol), PPNCl (2.9 mg, 5.1 x 10-3 mmol) and solvent (0.1 mL) were added to a 10 
mL Schlenk flask.  This solution was then purged with CO for 30 seconds.  1,2,4,5-
tetramethylbenzene (0.01 g, 7.5 x 10-2 mmol), cyclohexene oxide (0.6 ml, 6.1 mmol) and 
solvent (0.4 mL) were added to this flask and stirred for 5 minutes.  TMSN3 (0.3 mL, 2.3 
mmol) was then added to this solution.  At various time points (typically 0.5 h apart) a 
0.05 mL aliquot was taken from the solution and added to diethyl ether (1 mL).  This was 
then passed down a (3 x 0.5 cm) plug of silica gel and eluted with diethyl ether (5 mL).  
Samples were taken for GC from the eluent. 
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Note: The above experiments were also performed using the monomeric analogue 
pictured below instead of 3. 

Cr
O

NN

O

HH
Cl

tBu tBu

tBu tBu

 
Cr(III)-salen – Monomeric analogue 7 

 
In Situ Cycling Experiment (Figure 2 – main text):  Complex 3 (0.01 g, 5.1 x 10-3 
mmol), PPNCl (2.9 mg, 5.1 x 10-3 mmol), 1,2,4,5-tetramethylbenzene (0.01 g, 7.5 x 10-2 
mmol), cyclohexene oxide (0.6 mL, 6.1 mmol) and benzonitrile (0.5 mL) were added to a 
10 mL Schlenk flask and stirred for 5 minutes.  After this time, TMSN3 (0.3 mL, 2.3 
mmol) was added to the solution.  At various time points (typically 0.5 hr apart) a 0.05 
mL aliquot was taken from the solution and added to diethyl ether (1 mL).  This was then 
passed down a 3 x 0.5 cm plug of silica gel and eluted with diethyl ether (5 mL).  
Samples were taken for GC from the eluent.   
At 110 minutes the solution was exposed to CO using a syringe containing 30mL of CO.   
At 240 minutes the solution was purged with 30 mL of N2 using a gas-tight syringe.  The 
reaction progress was monitored using GC.  
The reverse of this experiment was performed in which the starting solution was exposed 
to CO prior to TMSN3 addition and subsequently purged with N2 at 110 min and then 
again with CO at 240 min.     
 

Entry Catalyst [Catalyst] 
M 1x10-3 

%ee of 
product[a]

Rate 
mM/min[a]

1 3 7.2 80 0.11 
2 5 7.2 68 0.07 
3 3 3.6 78 0.031 
4 5 3.6 62 0.013 
5 7 7.2 24 0.017 
6 7 3.6 12 0.0041 

 
Table S1.  Rate and selectivity data for the ring opening of cyclohexene oxide by TMSN3 
catalyzed by 3, 5, and the monomeric Cr(III)-salen complex 7.  All reactions were 
performed at room temperature in benzonitrile. [a] Rate of formation and %ee of 1-azido-
2-(trimethylsiloxy)cyclohexane were determined by chiral GC. 
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