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Synthesis of 2a in chlorobenzene: A mixture of Cg (36.0 mg, 0.05 mmol), 1a (9.2
pL, 0.10 mmol) and Mn(OAc);2H,O (26.8 mg, 0.10 mmol) was dissolved in
chlorobenzene (10 mL) and stirred at 135 °C (oil bath temperature) under argon
atmosphere for 50 min. The reaction mixture was poured onto a silica gel column and
eluted with CS, to afford recovered Cey (24.1 mg, 67%), then with CS,/AcOEt (10:1)
to give dimer 2a (11.9 mg, 29%). The meso and racemic mixture of dimer 2a was
further separated on a silica gel column wrapped by aluminum foil. Elution with cold
CS,/AcOEt (100:5) afforded the minor isomer and then major isomer. 'H NMR (400
MHz, CDCl3) 6 4.10 (d, J = 11.2 Hz, OCH3, major), 4.11 (d, J = 11.2 Hz, OCHs,
minor), 4.17 (d, J = 11.2 Hz, OCHs, major), 4.23 (d, J = 11.2 Hz, OCH3, minor); °C
NMR (75.5 MHz, CS,—CDCl3;) 6 55.03-55.33 (m, OCHj3, major and minor), 61.68 (d,
Jo.c = 146.9 Hz, sp’-C of Cg), 67.82-68.03 (m, sp>-C of Ce), 137.42 (d, Jo.c = 5.8
Hz), 137.49 (d, Jp.c = 5.6 Hz), 138.07 (d, Jp.c = 3.1 Hz), 138.21, 138.40 (d, Jp.c = 2.1
Hz) 138.68, 139.05 (d, Jpc = 2.6 Hz), 139.15 (d, Jp.c = 2.7 Hz), 140.90, 140.92,
141.53, 141.82, 142.23, 142.38, 142.44, 142.48, 142.59, 142.71, 142.74, 142.89,
142.96, 143.06, 143.13, 143.16, 143.31, 143.38, 143.45, 143.48, 143.58, 143.67,
143.72, 143.76, 143.88, 143.99, 144.09, 144.13, 144.19, 144.25, 144.33, 144.45,
144.48, 144.54, 144.58, 144.91, 145.02, 145.11, 145.17, 145.43, 145.46, 145.51,
145.64, 145.70, 145.76, 146.83, 146.96, 147.07, 147.09, 147.11, 147.33, 147.49,
147.51, 147.70 (d, Jp.c = 7.4 Hz), 147.88, 148.07 (d, Jp.c = 7.7 Hz), 148.62, 148.66,
148.83, 148.87, 148.93, 148.95, 149.14 (d, Jp.c = 4.3 Hz), 149.33, 149.55, 149.99 (d,
Jr.c = 2.7 Hz), 150.29, 150.73, 154.29, 154.38, 154.47, 155.52 (d, Jp.c = 3.1 Hz),
156.00 (d, Jp.c = 3.6 Hz); >'P NMR (162 MHz, CDCl3) & 16.49 (major), 16.51 (minor);
FT-IR v/em™ (KBr) 2947, 2847, 1511, 1458, 1428, 1268, 1187, 1048, 1024, 905, 842,
762, 670, 630, 558, 526; UV—vis Anax/nm (log €) (CHCl3) 257 (5.28), 325 (4.82), 446
(4.21); HRMS (-ESI): calcd. for CsHsPOs3 [M/2]7 829.0055, found 829.0068. 2a
(major isomer): 'H NMR (400 MHz, CDCl3) 6 4.10 (d, 6H, J = 11.2 Hz, OCH3), 4.17
(d, 6H, J = 11.2 Hz, OCHs). 2a (minor isomer): 'H NMR (400 MHz, CDCls) & 4.11 (d,
6H, J=11.2 Hz, OCH;), 4.23 (d, 6H, J= 11.2 Hz, OCH,).

Synthesis of 2b in chlorobenzene: A mixture of Cgy (36.0 mg, 0.05 mmol), 1b
(12.9 pL, 0.10 mmol) and Mn(OAc);-2H,0 (26.8 mg, 0.10 mmol) was dissolved in
chlorobenzene (10 mL) and stirred at 135 °C (oil bath temperature) under argon
atmosphere for 50 min. The reaction mixture was poured onto a silica gel column and
eluted with CS, to afford recovered Cey (24.6 mg, 68%), then with CS,/AcOEt (20:1)
to give dimer 2b (12.0 mg, 28%). The meso and racemic mixture of dimer 2b was
further separated on a silica gel column wrapped by aluminum foil. Elution with cold
CS»/AcOEt (100:4) afforded the minor isomer and then major isomer. Spectral data of
2b: '"H NMR (300 MHz, CS,-CDCl3) 0 1.37 (t, J = 7.0 Hz, CH3, major), 1.38 (t, J =
6.9 Hz, CH3, minor), 1.52 (t, J = 6.9 Hz, CH;, major and minor), 4.40-4.50 (m, CH>,
major and minor), 4.54-4.64 (m, CH,, major and minor); BC NMR (75.5 MHz,
CS,—CDCI; with Cr(acac); as relaxation reagent) & 16.43 (d, Jp.c = 6.2 Hz, OCH,CH3,
major), 16.46 (d, Jp.c = 6.1 Hz, OCH,CH3, minor), 16.59 (d, Jp.c = 6.1 Hz, OCH,CHj,
major and minor), 62.22 (d, Jp.c = 144.9 Hz, sp3-C of Cgo, major), 62.30 (d, Jp.c =
144.9 Hz, sp3-C of Cgo, minor), 64.55 (d, Jp.c = 7.0 Hz, OCH,CH3, major and minor),
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64.65 (d, Jp.c = 6.8 Hz, OCH,CHj3, major and minor), 67.61-67.85 (sp3-C of Cgp,
major and minor), 137.17 (d, Jp.c = 5.0 Hz), 137.20 (d, Jp.c = 4.5 Hz), 137.95 (d, Jpc
= 3.8 Hz), 138.14, 138.40 (d, Jp.c = 3.0 Hz), 138.57, 138.94 (d, Jp.c = 3.0 Hz), 139.03
(d, Joc = 2.7 Hz), 140.66, 141.40, 141.64, 142.11, 142.15, 142.23, 142.27, 142.34,
142.37, 142.41, 142.50, 142.55, 142.57, 142.70, 142.77, 142.81, 142.90, 142.92,
142.98, 143.05, 143.17, 143.22, 143.26, 143.40 (d, Jp.c = 1.8 Hz), 143.48, 143.78,
143.88, 143.92, 143.97, 144.07, 144.12, 144.19, 144.24, 144.29, 144.33, 144.38,
144.60, 144.64, 144.80, 144.88, 144.92, 145.03, 145.30, 145.35, 145.43, 145.47,
145.55, 145.61, 146.13, 146.65, 146.80, 146.83, 146.89, 146.93, 147.07, 147.31,
147.53, 147.85 (d, Jp.c = 7.1 Hz), 148.18 (d, Jp.c = 7.2 Hz), 148.43, 148.46, 148.606,
148.70, 148.85 (d, Jp.c = 5.5 Hz), 148.88 (d, Jp.c = 5.4 Hz), 149.30, 149.48, 149.97 (d,
Jr.c = 1.9 Hz), 150.67 (d, Jp.c = 2.2 Hz), 154.99, 155.16, 155.51 (d, Jp.c = 3.1 Hz),
155.94 (d, Jo.c = 3.6 Hz); >'P NMR (162 MHz, CDCl3) & 13.39 (major), 13.50 (minor);
FT-IR v/em™ (KBr) 2974, 1510, 1428, 1388, 1365, 1265, 1188, 1159, 1093, 1043,
1016, 968, 843, 821, 760, 733, 669, 643, 630, 567, 526; UV—Vis Amax/nm (log €)
(CHCls) 260 (5.25), 326 (4.78), 446 (4.18); HRMS (-ESI): calcd. for CesH;oPO3
[M/2]7 857.0368, found 857.0324. 2b (major isomer): 'H NMR (400 MHz, CDCls) &
1.38 (t, 6H, J = 7.0 Hz, CH3), 1.52 (t, 6H, J = 7.2 Hz, CH3), 4.47 (dq, 4H, J = 7.2 Hz,
OCH,), 4.54-4.65 (m, 4H, OCH>). 2b (minor isomer): '"H NMR (400 MHz, CDCl;) &
1.39 (t, 6H, J= 7.0 Hz, CH3), 1.53 (t, 6H, J= 7.0 Hz, CH3), 4.43-4.53 (m, 4H, OCH,),
4.55-4.71 (m, 4H, OCH,).

Synthesis of 2c in chlorobenzene: A mixture of Cg (36.0 mg, 0.05 mmol), 1c
(15.0 mg, 0.10 mmol) and Mn(OAc);-2H,0 (53.6 mg, 0.20 mmol) was dissolved in
chlorobenzene (10 mL) and stirred at 100 °C (oil bath temperature) under argon
atmosphere for 90 min. The reaction mixture was poured onto a silica gel column and
eluted with CS, to afford recovered Ce (23.3 mg, 65%), then with CS,/AcOEt (10:1)
to give dimer 2¢ (14.6 mg, 34%). The meso and racemic mixture of dimer 2C was
further separated on a silica gel column wrapped by aluminum foil. Elution with cold
CS»/AcOEt (100:7) afforded the minor isomer and then major isomer. Spectral data of
2c: '"H NMR (300 MHz, CDCl3) 6 1.11 (s, CH3, major), 1.13 (s, CH3, minor), 1.31 (s,
CHs;, major), 1.32 (s, CH3, minor), 4.25-4.57 (m, CH,, major and minor); BC NMR
(75 MHz, CS,—ODCB-d4) 6 21.62 (CH3), 21.68 (CHs), 21.92 (CHj3), 21.98 (CHs),
32.96 (d, Jo.c = 6.1 Hz, CCH3), 61.61 (d, Jp.c = 144.6 Hz, sp>-C of Cg), 67.83-68.10
(m, sp’-C of Ce), 77.36-78.33 (m, CH,), 137.60 (d, Jp.c = 5.6 Hz), 137.70 (d, Jp.c =
5.2 Hz), 138.56, 138.75 (d, Jp.c = 3.8 Hz), 138.81, 138.94 (d, Jp.c = 3.8 Hz), 139.15 (d,
Jr.c = 3.3 Hz), 141.01, 141.06, 141.83, 141.93, 142.31, 142.35, 142.47, 142.51,
142.55, 142.71, 142.79, 142.86, 143.00, 143.05, 143.14, 143.19, 143.24, 143.27,
143.39, 143.46, 143.49, 143.59, 143.72, 143.86, 144.04, 144.26, 144.32, 144.39,
144.50, 144.57, 144.63, 144.70, 145.07, 145.10, 145.13, 145.25, 145.54, 145.57,
145.60, 145.63, 145.73, 145.88, 146.23, 146.97, 147.07, 147.16, 147.25, 147.39,
147.62, 148.34 (d, Jp.c = 7.3 Hz), 148.54 (d, Jp.c = 7.6 Hz), 148.77, 148.97, 149.15 (d,
Jr.c = 5.6 Hz), 149.38, 149.54, 149.69, 150.07 (d, Jp.c = 3.1 Hz), 150.56 (d, Jp.c =2.2
Hz), 153.52, 153.62, 153.70, 153.80, 155.48 (d, Jp.c = 3.7 Hz), 155.84 (d, Jp.c = 4.1
Hz); *'P NMR (162 MHz, CDCl3) & 9.70 (minor), 9.79 (major); FT-IR v/em™ (KBr)
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2922, 1510, 1462, 1427, 1370, 1270, 1189, 1052, 998, 909, 839, 762, 670, 645, 557,
526; UV—vis Amax/nm (log €) (CHCl3) 259 (5.32), 325 (4.93), 447 (4.23); HRMS
(-ESI): calcd. for CesH oPO3 [M/Z]f 869.0368, found 869.0376. 2¢c (major isomer): 'H
NMR (400 MHz, CDCls) 6 1.11 (s, 6H, OCH3), 1.31 (s, 6H, OCH3) 4.28-4.39 (m, 4H,
CH,), 4.48 (dd, 2H, J = 10.8, 6.8 Hz, CH>), 4.53 (dd, 2H, J = 10.8, 6.4 Hz, CH,). 2¢C
(minor isomer): 'H NMR (400 MHz, CDCls) ¢ 1.13 (s, 6H, OCHs3), 6 1.32 (s, 6H,
OCHs) 4.35-4.55 (m, 8H, CH>).

Synthesis of 2a in toluene: A mixture of Ce (36.0 mg, 0.05 mmol), 1a (9.2 uL,
0.10 mmol), and Mn(OAc);-2H,0 (26.8 mg, 0.10 mmol) was dissolved in toluene (30
mL) and refluxed under argon atmosphere for 3 h. The reaction mixture was poured
onto a silica gel column, and eluted with CS; to afford recovered Ce (29.4 mg, 82%),
then with CS,/AcOEt (10:1) to give dimer 2a (6.1 mg, 15%).

Heating of 2a in chlorobenzene: 2a (10.6 mg) was dissolved in chlorobenzene (3
mL) and refluxed under argon atmosphere for 12 h. The reaction mixture was poured
onto a silica gel column, and eluted with CS, to afford Ce (3.2 mg, 35%), then with
CS2/AcOEt (10:1) to give recovered dimer 2a (6.1 mg, 58%).

Crystal structure and refinement details for the minor isomer of 2a: The single
crystals of the minor isomer of 2a was grown in CS,/CHCI; at about —5 °C. The single
crystal was coated with silicone oil and mounted in the 100 K dinitrogen stream of a
Bruker SMART APEX CCD diffractometer equipped with low-temperature apparatus
and intensity data were collected using graphite-monochromated Mo Ka radiation.
The data integration and reduction were processed with the SAINT software. An
empirical absorption correction (SADABS) was applied. Structures were solved by
the direct method using SHELXS-97 and refined on F* by a full-matrix least-squares
technique using the SHELXL-97 program package. The independent moiety is the
monomer unit of the dimer. The monomer unit has disorder as to the position of Cg
cage. The major part was refined anisotropically and the minor part was refined
isotropically. Crystal structure refinement parameters are given in Table S1. CCDC
contains the supplementary crystallographic data for this paper with a deposition
number of CCDC 802193 for the minor isomer of 2a. Copies of this information can
be obtained free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK. [Fax: +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Table S1.  Crystal data and structure refinement for the minor isomer of 2a.

Empirical formula CesHsClsO3P

Formula weight 1068.37

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.9401(10) A a=100.529(2)°

b=13.7583(15) A B=96.973(2)°
¢ =14.9042(16) A v=102.216(2)°

S4



Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

Volume 1931.2(4) A®

Z 2

Density (calculated) 1.837 Mg/m’

Absorption coefficient 0.551 mm™'

F(000) 1066

Crystal size 0.28 x 0.24 x 0.20 mm’

Theta range for data collection 1.86 to 26.00°.

Index ranges -12<=h<=11, -16<=k<=16, -18<=]<=12
Reflections collected 10469

Independent reflections 7352 [R(int) = 0.0180]
Completeness to theta = 26.00° 96.8 %

Absorption correction Empirical (SADABS)

Max. and min. transmission 0.8979 and 0.8611

Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 7352/6/922

Goodness-of-fit on F* 1.090

Final R indices [[>2sigma(])] R1=0.0690, wR2 =0.1686

R indices (all data) R1=0.0848, wR2 =0.1786
Largest diff. peak and hole 1.326 and -1.143 e.A-*

Optimized structures of meso and racemic isomers of 2a
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Table S2. Cartesian coordinates and energies of meso and racemic isomers of 2a at

the B3LYP/6-31G*//B3LYP/3-21G* level

meso-2a

-B3LYP/6-31G*//B3LYP/3-21G*-

S6

C 1.869941 2.158766 -0.904595
C 2.221766 1.487305 -2.178141
C 2.008647 0.134476 -2.320996
C 1.442763 -0.660218 -1.205391
C 0.796849 0.001086 0.002668
C 1.333871 1.441918 0.137906
C 2.879944 3.166628 -0.649763
C 3.849958 3.129267 -1.736875
C 3.437783 2.099334 -2.685540
C 4.399885 1.319509 -3.326801
C 3.006859 -0.684425 -2.986775
C 2.065784 -1.878965 -1.183592
C 2.189094 -2.759345 0.040578
C 1.992319 -1.883919 1.303697
C 1.393590 -0.648632 1.275998
C 1.842282 0.392286 2.171601
C 1.785626 1.675701 1.479856
C 2.739752 2.659993 1.748308
C 3.301684 3.426855 0.654158
C 5.198570 3.342487 -1.478915
C 5.644989 3.593159 -0.111550
C 4.719278 3.630806 0.925687
C 5.031019 2.994054 2.204060
C 3.805620 2.389670 2.708787
C 3.854546 1.170099 3.374537
C 2.843451 0.150885 3.110576
C 3.487635 -1.144001 3.132791
C 3.087585 -2.119459 2.219912
C 3.053852 -1.950982 -2.281233
C 6.416730 -2.810649 0.767949
C 5.974735 -3.030756 -0.537077
C 6.547101 -2.271087 -1.643568
C 7.520827 -1.312179 -1.394635
C 7.970386 -1.065596 -0.026141
C 7.091617 -1.129247 2.281732
C 5.864557 -1.729880 2.786809
C 5.449916 -2.764257 1.844938
C 4.092548 -2.946087 1.564088
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3.662047
4.569214
5.486638
5.450210
6.467488
7.475877
7.889410
8.194013
7.871348
7.305916
4.906840
5.132487
6.304512
6.251288
7.220428
6.923142
7.268566
6.204439
5.815765
4.258697
4.178103
7.432404
1.156299
-0.295232
2.014176
1.497991
0.515569
0.622298
-0.493879
1.366994
0.302089
1.863643
-0.796849
-1.393590
-1.442763
-1.333871
-1.992319
-1.842282
-2.065784
-2.008647
-1.785626
-1.869941
-2.189094
-3.087585

-3.205372
-3.246358
-2.007773
-0.787569
0.223830
-0.031243
1.006298
0.367537
1.005262
0.238716
-0.939221
0.493797
1.069787
2.349585
2.309166
2.916228
2.250997
2.516349
1.531713
-2.597515
-0.109486
-1.796834
-4.275247
-4.184012
-5.045274
-4.931804
-5.776993
-5.539228
-5.549636
-5.972406
-5.741612
-5.821961
-0.001086
0.648632
0.660218
-1.441918
1.883919
-0.392286
1.878965
-0.134476
-1.675701
-2.158766
2.759345
2.119459
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0.223126
-0.807565
-2.611918
-3.287031
-3.016510
-2.094608
-1.154022

0.120475

1.316032

2421323

3.411574

3.563172

3.079816

2.381844

1.292046

0.074149
-1.176570
-2.140472
-3.040795
-2.105042
-3.481123

1.026771
-0.077512
-0.398068
-1.193560

1.342793

2.065974

3.124028

1.716588
-2.154316
-2.227281
-3.112477
-0.002668
-1.275998

1.205391
-0.137906
-1.303697
-2.171601

1.183592

2.320996
-1.479856

0.904595
-0.040578
-2.219912
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-2.843451
-3.053852
-3.006859
-2.739752
-2.879944
-3.662047
-4.092548
-3.487635
-3.854546
-4.258697
-4.178103
-3.437783
-3.301684
-3.805620
-3.849958
-4.569214
-5.449916
-4.906840
-5.132487
-5.486638
-4.399885
-5.450210
-4.719278
-5.031019
-5.198570
-5.974735
-6.416730
-5.864557
-6.304512
-6.547101
-5.815765
-6.467488
-5.644989
-6.251288
-6.204439
-7.432404
-7.091617
-7.305916
-7.520827
-7.475877
-6.923142
-7.220428
-7.268566
-7.970386

-0.150885
1.950982
0.684425

-2.659993

-3.166628
3.205372
2.946087
1.144001

-1.170099
2.597515
0.109486

-2.099334

-3.426855

-2.389670

-3.129267
3.246358
2.764257
0.939221

-0.493797
2.007773

-1.319509
0.787569

-3.630806

-2.994054

-3.342487
3.030756
2.810649
1.729880

-1.069787
2.271087

-1.531713

-0.223830

-3.593159

-2.349585

-2.516349
1.796834
1.129247

-0.238716
1.312179
0.031243

-2.916228

-2.309166

-2.250997
1.065596
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-3.110576
2.281233
2986775

-1.748308
0.649763

-0.223126

-1.564088

-3.132791

-3.374537
2.105042
3.481123
2.685540

-0.654158

-2.708787
1.736875
0.807565

-1.844938

-3.411574

-3.563172
2.611918
3.326801
3.287031

-0.925687

-2.204060
1.478915
0.537077

-0.767949

-2.786809

-3.079816
1.643568
3.040795
3.016510
0.111550

-2.381844
2.140472

-1.026771

-2.281732

-2.421323
1.394635
2.094608

-0.074149

-1.292046
1.176570
0.026141
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-7.871348
-7.889410
-8.194013
-2.221766
-1.156299

0.295232
-2.014176
-1.497991
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TH NMR (400 MHz, CDCl3) of compound 2a
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13C NMR (75 MHz, CDCI5/CS,) of compound 2a

05
225
o

a

arameters

1

CHANNEL fl ========

Ao @ -
‘5 il -
cN = v
5 E wo B
2 LA
2 E Z
e E =
1] =
A & [
& | |
] | |
I I
! [T |
R
o e —Am I
= I Zmmo -

Ppm

10

~

=)
=

2a
T T T
120 1 100 30

racemic

=

T
150

T
160

10

S14



Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

wdd CULET 08t 5*8ET 0'BET 5'6ET 0°0FT SOFT 0D*TIET SUTRT
1 1 | I | 1 1

i %ggg

OTET
sislsueard Puisssooia

€1 008

ez
osaw e IWELTY)

9TzITEM Z9WAqID

o8B0 0G°FT Td
2ET 90K
........ TF TENNVHD ========

o el — e e o - =
W W W W ww w W W W W B i 'y
~ ww@w wm @ [=RV- RVt (SRS = —
Wb U oo b Wb L+2) P 0 W0 w @
PRUSNFOZOM ~l v = o (Yol - w - wao O w (3%
sIEtEWEIEI ETEA T oy W @ Hdw@ ] oW S =] w @ = w
o Oy ool = v o w b - @ = w ~l

ez punodwo? jo (289/510a0 ‘ZHIN S2) ¥INN g,

S15



Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

13C NMR (75 MHz, CDCI5/CS,) of compound 2a
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'H NMR (400 MHz, CDCl,) of compound 2a (minor)
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13C NMR (75 MHz, CDCI,/CS,) of compound 2b
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13C NMR (75 MHz, CDCI5/CS;) of compound 2b
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"H NMR (400 MHz, CDCl5) of compound 2b (major)
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13C NMR (75 MHz, CDCI5/CS,) of compound 2¢
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TH NMR (400 MHz, CDCI;) of compound 2c (major)
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TH NMR (400 MHz, CDCl3) of compound 2¢ (minor)
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