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B EXPERIMENTAL SECTION (continued)

General data. NMR spectra were recorded on a Varian NMRS 500 MHz spectrometer at
ambient probe temperature. Chemical shifts (& in ppm) were referenced to residual solvent sig-
nals ('H: CHCls, 7.26; CHD,CN, 1.94; DMSO-ds, 2.50; CHD,0D, 3.30; CDHCl,, 5.32; acet-
one-ds, 2.05; 13C: CDCls, 77.2; DMSO-dj, 39.5; CD;0D, 49.0; CD,Cl,, 54.0; acetone-d, 29.8)
or external C¢F (1°F, —164.9) or 85 wt% aqueous H3PO, (3P, 0.00). IR spectra were recorded
on a Shimadzu IRAffinity-1 spectrometer (Pike MIRacle ATR system, diamond/ZnSe crystal).
Melting points were determined using an OptiMelt MPA 100 instrument. Microanalyses were
conducted by Atlantic Microlab. HPLC analyses were carried out with a Shimadzu instrument
package (pump/autosampler/detector LC-20AD/SIL-20A/SPD-M20A).

NMR solvents (Cambridge Isotopes) were treated as follows: DMSO-dj, distilled under
vacuum and stored over molecular sieves; CDCl3, CD,Cl,, acetone-dg, CD3CN, and CD;0D,
stored over molecular sieves. HPLC grade solvents (hexanes, Fischer; isopropanol (38), JT Bak-
er) were degassed. The following materials were used as received: CH,Cl, (EMD Chemicals,
ACS grade), CH3;0H (EMD, anhydrous, 99.8%), acetone (BDH, ACS grade), toluene (BDH,
ACS grade), Co(OAc), 4H,0 (Alfa Aesar, 98%), (S,S)-dpen (NH,CHPhCHPhNH,; Oakwood
or Combi blocks), activated charcoal (Acros, Norit SX 4), Na* BArg (BArg = B(3,5-C¢H3(C-
F3)7)47; Ark Pharm, 97%), aqueous HI (Aldrich, 57 wt%, 99.9%), Col, (Aldrich, anhydrous,
99%), KI (Aldrich, anhydrous, 99%), Nal (EMD, >99.5%), silica gel (Silicycle SiliaFlash®
F60), Celite 545 (Aldrich), (S)-1-phenethyl amine ((S)-5, TCI Chemicals, >98%, ee 97+%), 2-
carbomethoxy cyclopentanone (7, TCI Chemicals, 97%), D- and L-proline (R- and S-9, Acros
Organics, 99%), (S)-1-phenylethanol ((S)-10; Alfa Aesar, 98+%), (R)-10 (Alfa Aesar, 99%, ee
97+%), DL-lactide (11, Aldrich, 99%), L-lactide (S,S-11, Aldrich, 98%), (S)- and (R)-1,1'-bi-2-
naphthol ((S)- and (R)-BINOL, Ark Pharm, >98%), 6-hexanolactone (12, Alfa Aesar, 98%), sty-
rene oxide (16, Alfa Aesar, 98%), 1,2-propanediol (21, Aldrich, 99%), 1,2-butanediol (22, Ald-
rich, 98%), 2-carbomethoxy cycloheptanone (23, Aldrich, 99%), ethyl 2-methylacetoacetate (24,
Alfa Aesar, 95%), 2-acetylcyclopentanone (25, TCI Chemicals, >95%), (S)-fert-butylsulfinamide
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((S)-26, Ark Pharm, 98%), (R)-tert-butylsulfinamide ((R)-26, ACS Scientific, 98%), 2-methyltet-
rahydofuran (27, Aldrich, >99%), 2-bromopropionamide (30, Aldrich, 99%), 2-carboethoxy cyc-
lohexanone (31, Aldrich, 95%), cyclohexene oxide (32, TCI Chemicals, 98%), methyl ethyl ke-
tone (33, Aldrich, 99%), chloroacetone (34, Acros Organics, 96%), DMSO (35, BDH, 99.9%),
ethyl acetate (36, Aldrich, 99.8%), isopropylamine (37, Alfa Aesar, 99%), 1-methyl-2-oxindole
(39, Aldrich, 97%), ethyl acetoacetate (40, Alfa Aesar, 99%), 2-bromoethyl acetate (41, TCI
Chemicals, >98%), 3-pentanone (42, Aldrich, >99%), 2-bromoacetophenone (43, Alfa Aesar,
98%), ethyl chloroacetate (44, TCI Chemicals, 98%), benzyl carbamate (45, Alfa Aesar, 99%),
ethyl cyanoacetate (46, TCI Chemicals, >98%), propionamide (47, TCI Chemicals, >98%), di-
methyl malonates (Alfa Aesar, 98%), sec-butylbenzene (TCI Chemicals, >99%), nitroethane (Al-
drich, >98%), 5-hydroxymethyl-2-pyrrolidinone (Chem-Impex International, 98.5%), propioni-
trile (Acros Organics, 99%), propionic acid (Alfa Aesar, 99%), methyl isovalerate (Aldrich,
>98%), diethyl phosphite (Alfa Aesar, 96%), and tetrahydrofuran (Aldrich, >99%).

The following analytes were synthesized by literature procedures: (S)- and (R)-1-phenyl-
ethyl acetate ((S)- and (R)-4),5! 1-phenethyl amine (5),5% phenyl methyl sulfoxide (6),5 (S)- and
(R)-Boc-BINOL ((S)- and (R)-8),5! (S)- and (R)-BINOL diacetate,S! 1-phenyl-1,2-ethanediol
(14),5% 1-phenyl-2,2,2-trifluoroethanol (15),5 N-tosyl phenethyl amine (17),5¢ N-acetyl pheneth-
yl amine (18),52 hydroxyphenylmethyl diethyl phosphonate (19),57 hydroxyphenylmethyl dime-
thyl phosphonate (20),57 2-phenyl-2-butanol (28),5% 1-phenyl-1-chloroethane.s® and methyl 2-
bromopropionate (29).510 Tbuprofen (13) was isolated from commercially available tablets fol-
lowing a literature procedure.S!!

Alternative syntheses of A-[Co((S,S)-NH,CHPhCHPhNH,);]3* 31" (A-23* 3I) dir-
ectly from cobalt(II) precursors (bypassing A-23" 3CI™ in Scheme 1). A. A gas circulating
flaskS!2 was charged with a solution of Col, (0.156 g, 0.50 mmol) in CH;OH (50 mL). Activated
charcoal (0.05 g) and (S,S)-dpen (0.356 g, 1.68 mmol, 3.36 equiv) were added with vigorous stir-
ring. Air was passed through the suspension. After 17 h, the mixture was filtered through Celite

and aqueous HI (0.377 g, 57 wt%, 1.68 mmol) was added. The solvent was removed by rotary
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evaporation to give an orange solid. A portion was dissolved in acetone-dg. 13C{'H} NMR (ace-
tone-dg, 6 in ppm, partial): 62.2 and 64.7 (2s, ca. 2:1, CHPh, A and A-23* 31").513 The solid was
dissolved in 95:5 v/v CH,Cl,/CH30H (1 mL). The solution was loaded on a silica gel column (2
% 15 c¢m) packed in CH,Cl,, which was eluted with CH,Cl,/CH;OH (100:0 v/v, 200 mL; 98:2
v/v, 500 mL; 97:3 v/v as needed). The orange band was collected. Solvents were removed by rot-
ary evaporation. The residue was dried by oil pump vacuum at room temperature (20 h) to give
A-23T 3I"H,O (0.208 g, 0.190 mmol, 38%) as an orange solid. B. A solution of Co(OAc),
“4H,0 (0.296 g, 1.19 mmol) in CH30H (50 mL), activated charcoal (0.1 g), (S,S)-dpen (0.849 g,
4.00 mmol, 3.36 equiv), air, Celite, and aqueous HI (0.898 g, 57 wt%, 4.00 mmol) were com-
bined in a procedure analogous to that in A. A similar workup (3 mL 95:5 v/v CH,Cl,/CH;0H)
gave A-23T 3I"H,0 (0.611 g, 0.559 mmol, 47%) as an orange solid, mp 200-201 °C dec (open
capillary). Anal. Calcd. for C4pH4gCo0I3Ng-H,0O (1094.05): C 46.09, H 4.60, N 7.68; found C
46.16, H 4.75, N 7.46.

NMR (acetone-dg, 6 in ppm): IH (500 MHz) 7.57-7.54 (m, 12H, o-Ph), 7.53 (br s, 6H,
NHH', partial overlap with o-Ph), 7.32-7.22 (m, 18H, m-, p-Ph), 5.63 (br s, 6H, NHH'), 5.25 (s,
6H, CHPh), 2.83 (br s, 7H, H,0); 13C{'H} (125 MHz) 130.3 (s, i-Ph), 130.0 (s, p-Ph), 129.6
and 128.8 (2 s, o- and m-Ph), 63.2 (s, CHPh).

Extended Bibliography. Additional literature that augments that given in the main text
is supplied at the end of the references (other CSAs from 2014-present,$14-529 other NMR meth-

ods for prochirality sensings30-s35),
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Table s1. Expansion of Table 1 showing the separation of all aliphatic 'H NMR signals (A3,
ppm) of the enantiomers of racemic 1-phenylethyl acetate (4).

AS (ppm) AS (ppm) Ad (ppm)
Entry CSA Solvent | pCH(CH;)0 | 0(C=0)CH; | PhCH(CHZ)O
1 A-13T 3BArf CD,Cl, — — —
2 | A2’T2CIBAry | CDyCly 1.32 0.50 0.28
3 A-25T2CI'BAry | CDyCly 0.15 0.02 —
4 | A-23T2CI(CeFs)s~ | CDyCly 1.37 0.53 0.28
5 A-231 3BArf CD,Cl, 0.34 0.15 0.08
6 AT 2 BArg | CDyCly 1.30 0.52 0.25
7 A-23T 2 BArf CDCl3 1.75 0.68 0.37
8 A2 2I'BArg | acetone-dg — — —
9 A-25T2I'BAry | CD3CN — — —
10 A-25T2I'BAry | DMSO-dg — — —
11 A2 2CI"BArg | acetone-dg — — —
12 | A-23T2CI'BAry | CD;CN — — —
13 | A-23T2CI'BAry | DMSO-dg — — —

-s5-



Comparison of ee values obtained by NMR and HPLC (Figure s1). Standard solu-
tions of (R)- and (S)-4 were prepared in hexanes/isopropanol (99:1 v/v, 0.0010 g/mL). These
were mixed at different ratios into five separate volumetric flasks so that the total volume was al-
ways 1.00 mL (Table s2). Each was assayed by HPLC (Chiralcel OD-H column, hexane/isoprop-
anol 99:1 v/v, 0.5 mL/min, 254 nm). The HPLC samples were concentrated by rotary evapora-
tion, redissolved in CD,Cl, (0.70 mL), and transferred to 5 mm NMR tubes. Then A-23* 2C1-
BArs -2H,0 (0.0085 g, 0.0050 mmol) was added and "H NMR spectra were recorded. Data:
Table s2.

Table s2. Tabular comparison of ee values of scalemic 4 obtained by NMR and HPLC.

sample | (R)-4 (mL)* | (5)-4 (mL)" thzzrgz;al Hl;(;)?bee NI(\(/,I/E,)%
1 0.940 0.060 188 188 188
2 0.800 0.200 +60 160 160
3 0.660 0.340 132 132 132
4 0.220 0.780 56 56 56
5 0.050 0.950 90 90 90

“Per the experimental procedure, the volumes represent the ratios of the enantiomers in the samples assayed. bThe
original traces and spectra are depicted in Figures s2-s6.

%ee (NMR)
100

50
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%ee (HPLC)
Figure s1. Graphical comparison of ee values of scalemic 4 obtained by NMR and HPLC.
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Figure s2. HPLC trace (top) and TH NMR spectrum (bottom) of 4 (88% ee) corresponding to the data in Table s2.
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Figure s3. HPLC trace (top) and THNMR spectrum (bottom) of 4 (60% ee) corresponding to the data in Table s2.
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Figure s4. HPLC trace (top) and THNMR spectrum (bottom) of 4 (32% ee) corresponding to the data in Table s2.
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Figure s5. HPLC trace (top) and TH NMR spectrum (bottom) of 4 (—56% ee) corresponding to the data in Table s2.
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Figure s6. HPLC trace (top) and TH NMR spectrum (bottom) of 4 (-90% ee) corresponding to the data in Table s2.
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Figure s7. NMR titration and binding constants of A-2>" 2CI'BAr; and A-23" 2I'BAr;~ with the analytes (S)-4,
(R)-4, (S)-10, and (R)-10; raw data underlying Table 4.
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Table s3. Summary of crystallographic data for A-23" 31"-6DMSO0.4

empirical formula
formula weight
temperature of collection [K]
diffractometer
wavelength [A]
crystal system
space group
unit cell dimensions:

a[A]

b[A]

c[A]

o [deg]

B [deg]

v [deg]
V [A3]
Z
Pcalc [Mg/ m?]
absorption coefficient [mm™!]
F(000)
Crystal size [mm?]
O [deg]
range / indices (4, k, /)
reflections collected
independent reflections
completeness to ® = 24.763°
absorption correction
max. and min. transmission
refinement method
data / restraints / parameters
goodness-of-fit on F2
final R indices [[>2o(1)]

C108H168C02IgN12012S 1,
3080.44

110.0

Bruker Quest

0.71073

monoclinic

P2(1)

23.057(2)

13.6098(12)

23.378(2)

90

110.977(2)

90

6849.8(10)

2a

1.494

1.832

3100

0.257 x 0.098 % 0.081
2.314 t0 24.763
-27,26;-16,15; -27,27
72270

22606 [R(int) = 0.0476]
98.8%

semiempirical from equivalents
0.4283 and 0.3391
full-matrix least-squares on F2
22606 /2887 / 1441

1.214

R1=0.0820, wR2 = 0.1405

R indices (all data) R1=10.0993, wR2 =0.1521
absolute structure parameter 0.08(3)
largest diff. peak and hole [e.A—] 4.180/—1.492

“There are two independent molecules in the unit cell. Hence, there are two cobalt atoms in the empirical formula
and the Z value represents the total number of dicobalt units.
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iodide I'“HN(Cy) TN I+H-N

2.826 3.712  164.7

11 2.799¢ 3.675 166.6
2.794 3.681 165.2
11 2.820¢ 3.700  163.0
2.771 3.664 167.3
11 2.6934 3.585  166.6
2.835 3.687 156.4
13 2.7834 3.652  160.5
2.725 3.612 1655
13 2.609¢ 3.506 168.6
2.760 3.633 1613
13 2.7984 3.672  161.5

“The second set of values is for the other independent molecule in the unit cell, which is geometrically similar.

Figure s8. Thermal ellipsoid diagrams (50% probability level) showing interactions of two iodide anions with the
trication of A-2°" 31-6DMSO (lel;) viewed along the idealized C; axis (left) and one idealized C, axis (right). The
other independent molecule is similar.
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Table s4. Distances (A) between hydrogen bonded DMSO and NH units depicted in Figure 7.

Oatom OHN(C,) O-N O-HN
2.026 2.893  159.1

Ol 2.0394 2.882  153.6
2.265 2923 1476
02 2.1414 2.965 150.2
2.290 3.006 135.5
03 2.2567 3.011  140.1
1.975 2.869  167.0
04 2.0134 2.859  154.1
2.085 2.870  143.9
05 2.074¢ 2.897 149.8
2.197 2.999  146.7
06 2.2194 2.969 1392

“The second set of values is for the other independent molecule in the unit cell, which is geometrically similar.

I'--HC (3 DMSO) I'-C (3 DMSO)
4.043,3.081, 3.083, 3.100, 3.321, 3.947 | 3.910, 3.938, 3.946, 3.992, 4.113, 4.294
I'-'HC (2 Ph) I'-C (2 Ph)

3.027, 3.285 3.921, 4.057

Figure s9. Thermal ellipsoid diagram (50% probability level) showing the nearest contacts of the third iodide anion
in A-23" 31-6DMSO (molecule 1) with neighboring atoms (CH of three DMSO molecules and two phenyl rings).
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I---HC (2 DMSO) I--C (2 DMSO)
2.996, 3.116, 3.120, 3.494 | 3.941, 4.028, 4.069, 4.165
I'--HC (4 Ph) I'-C (4 Ph)

3.060, 3.082, 3.123, 3.151 | 3.848, 3.876, 4.039, 4.068

Figure s10. Thermal ellipsoid diagram (50% probability level) showing the nearest contacts of the third iodide anion
in A-23* 31-6DMSO (molecule 2) with neighboring atoms (CH of two DMSO molecules and four phenyl rings).
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Table s5. Key interatomic distances (A) and angles (°) in crystalline A-23" 31-6DMSO.

molecule 14

molecule 2¢

Co(1)-N(1B)
Co(1)-N(2B)
Co(1)-N(3B)
Co(1)-N(4B)
Co(1)-N(5B)
Co(1)-N(6B)
N(1B)-C(1B)
N(2B)-C(8B)
N(3B)-C(6)
N(4B)-C(13)
N(5B)-C(11)
N(6B)-C(1A)
1(2)~HN(2B)
1(2)~HN(4B)
1(2)HN(6B)
1(5)HN(1B)
1(5)~HN(3B)
1(5)~HN(5B)
1(6)~HC(2C)
1(6)~HC(1AA)
1(2)~N(2B)
1(2)~N(4B)
1(2)~N(6B)
1(5)~N(1B)
1(5)-N(3B)
1(5)~N(5B)
1(6)C(2C)
1(6)~C(1AA)
0(7)~HN(3B)
O(8)~HN(2B)
0(9)~HN(4B)
0(10)-~HN(6B)
O(11)~HN(1B)
0(12)~HN(5B)
0(7)~N(3B)

1.973(13)
1.986(13)
1.951(12)
1.944(12)
1.949(12)
1.971(12)
1.516(19)
1.49(2)
1.509(19)
1.49(2)
1.484(19)
1.493(18)
2.783
2.609
2.798
2.799
2.820
2.693
4.059
3.081
3.652
3.506
3.672
3.675
3.700
3.585
4.294
3.938
2.074
2.219
2.256
2.141
2.039
2.013
2.897

Co(1D)-N(1D)
Co(1D)-N(2D)
Co(1D)-N(3D)
Co(1D)-N(4D)
Co(1D)-N(5D)
Co(1D)-N(6D)
N(1D)-C(1D)
N(2D)-C(8D)
N(3D)-C(15D)
N(4D)-C(22D)
N(5D)-C(36D)
N(6D)-C(29D)
1(1)~HN(1D)
1(1)~HN(3D)
1(1)~HN(5D)
1(3)~HN(2D)
1(3)~HN(4D)
1(3)~HN(6D)
1(4)~HC(1P)
1(4)~HC(1Q)
1(1)~N(1D)
I(1)~N(3D)
1(1)~N(5D)
1(3)~N(2D)
1(3)~N(4D)
1(3)~N(6D)
1(4)~C(1P)
1(4)-C(1Q)
O(1)~HN(1D)
0(2)~HN(6D)
0(3)~HN(4D)
0(4)~HN(5D)
0(5)~HN(3D)
0(6)HN(2D)
0(1)~N(1D)

1.958(12)
1.996(13)
1.977(12)
1.963(12)
1.952(13)
1.977(12)
1.504(19)
1.494(19)
1.490(18)
1.49(2)
1.487(19)
1.501(18)
2.826
2.794
2.771
2.835
2.725
2.760
3.120
2.996
3.712
3.681
3.664
3.687
3.612
3.633
4.028
3.941
2.062
2.265
2.290
1.975
2.085
2.197
2.893
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0(8)~N(2B)
0(9)~N(4B)
O(10)N(6B)
O(11)~N(1B)
0(12)N(5B)

2.969
3.011
2.965
2.882
2.859

O(2)N(6D)
O(3)N(4D)
O(4)N(5D)
O(5)~N(@3D)
O(6)"N(2D)

2.923
3.006
2.869
2.870
2.999

N(1B)-Co(1)-N(2B)
N(3B)-Co(1)-N(1B)
N(3B)-Co(1)-N(2B)
N(3B)-Co(1)-N(6B)
N(4B)-Co(1)-N(1B)
N(4B)-Co(1)-N(2B)
N(4B)-Co(1)-N(3B)
N(4B)-Co(1)-N(5B)
N(4B)-Co(1)-N(6B)
N(5B)-Co(1)-N(1B)
N(5B)-Co(1)-N(2B)
N(5B)-Co(1)-N(3B)
N(5B)-Co(1)-N(6B)
N(6B)-Co(1)-N(1B)
N(6B)-Co(1)-N(2B)
1(2)~H(2BA)-N(2B)
1(2)~H(4BA)-N(4B)
1(2)~H(6BA)-N(6B)
1(5)~H(1BA)-N(1B)
1(5)~H(3BA)-N(3B)
1(5)~H(5BA)-N(5B)
1(6)~H(2CA)-C(2C)
1(6)H(1AB)-C(1AA)
O(7)~H(3BB)-N(3B)
0(8)~H(2BB)-N(2B)
0(9)~H(4BB)-N(4B)
0(10)~H(6BB)-N(6B)
O(11)~H(1BB)-N(1B)
0(12)~H(5BB)-N(5B)

85.0(5)
92.8(5)
92.6(5)
172.5(5)
176.4(5)
92.8(5)
84.4(5)
93.1(5)
89.0(5)
89.3(5)
173.3(5)
91.4(5)
85.4(5)
93.9(5)
91.3(5)
160.5
168.6
161.5
161.7
163.0
166.6
97.2
146.5
149.8
139.2
140.1
150.2
153.6
154.1

N(1D)-Co(1D)-N(2D)
N(1D)-Co(1D)-N(3D)
N(1D)-Co(1D)-N(4D)
N(1D)-Co(1D)-N(6D)
N(3D)-Co(1D)-N(2D)
N(4D)-Co(1D)-N(2D)
N(4D)-Co(1D)-N(3D)
N(4D)-Co(1D)-N(6D)
N(5D)-Co(1D)-N(1D)
N(5D)-Co(1D)-N(2D)
N(5D)-Co(1D)-N(3D)
N(5D)-Co(1D)-N(4D)
N(5D)-Co(1D)-N(6D)
N(6D)-Co(1D)-N(2D)
N(6D)-Co(1D)-N(3D)
I(1)~H(1DA)-N(1D)
1(1)~H(3DA)-N(3D)
1(1)H(5DA)-N(5D)
1(3)~H(2DA)-N(2D)
1(3)~H(4DA)-N(4D)
1(3)~H(6DA)-N(6D)
1(4)~H(1PB)-C(1P)
1(4)~H(1QB)-C(1Q)
O(1)~H(1DB)-N(1D)
0(2)~H(6DB)-N(6D)
O(3)~H(4DB)-N(4D)
O(4)~H(5DB)-N(5D)
O(5)~H(3DB)-N(3D)
0(6)~H(2DB)-N(2D)

84.7(5)
91.1(5)
174.6(5)
94.2(5)
93.3(5)
92.8(5)
84.1(5)
90.7(5)
88.7(5)
172.2(5)
91.0(5)
94.0(5)
84.5(5)
91.8(5)
172.9(5)
164.7
165.2
167.3
156.4
165.5
161.3
154.7
162.6
159.1
147.6
135.5
167.0
143.9
146.7

@ There are two independent molecules in the unit cell.
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