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General Experimental Methods. Purification of reaction products was carried out by flash chromatography using
silical-gel (0.063-0.200 mm). Analytical thin layer chromatography was performed on 0.25 mm silical gel 60-F
plates. ESI ionization method and mass analyzer type MicroTof-Q were used for the HRMS measurements. 'H-
NMR spectra were recorded at 300 MHz and 400 MHz; *C-NMR spectra were recorded at 75 MHz and 100
MHz; CDCl; as the solvent. Chemical shifts were reported in the J scale relative to residual CHCl; (7.26 ppm) for

'H-NMR and to the central line of CDCl; (77 ppm) for *C-NMR.

Materials. All commercially available solvents and reagents were used as received. The 'H and *C NMR spectra

for compounds 4eb,[ 1] 4ed[2] 4ef,[2] are consistent with values previously reported in the literature.

Representative procedure for squaramide-organocatalyzed hydrophosphonylation reaction of aldehydes

To a mixture of catalyst 3¢ (0.02 mmol), and aldehyde 2a-k (0.1 mmol) in CH;CN (0.5 mL), phosphite 1e (0.2
mmol) was further added in a test tube at —38 °C. After the reaction time (see Table 3), adducts 4 were isolated by
flash chromatography or medium pressure liquid chromatography (SiO,, hexane/EtOAc 7:3). Yields and

enantioselectivities are reported in Table 3.

"A.R. Katritzky, B. V. Rogovoy, A. Y. Mitrokhin, Arkivoc 2002, (xiii), 17.
2X. Zhu, S. Wang, S. Zhou, Y. Wei, L. Zhang, F. Wang, Z. Feng, L. Guo, X. Mu, Inorg. Chem. 2012, 51, 7134.
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Screening of Catalysts and Study of the Reaction Conditions
Table S1. Catalytic enantioselective hydrophosphonylation using aldehydes."
o OH
0 cat. (20 mol%) * PR
Il:;\ + H . (o] ﬁ\OR
H OF\(’)R ON solvent, r.t. ON o)
2 2a 2 4aa-ea

R = Bn (1a), Me (1b), Et (1c),
iPr (1d), Ph' (1e)

Entry  Catalyst Solvent Phosphite Time Yield ee (%)
(days) (%)™
| \l/ S
thNT(:\NJJ\NNQ
H H
1 ° Ny Toluene (0.5) 1a 2 n.r.9 n.d.”
3d HO
A b
2 N NJ\N\“Q Toluene (0.5) 1a 2 n.r.ld n.d.
L YN
o
3 | \l/ s
A
o M H o Ng (4l [e]
Toluene (0.5) 1a 2 n.r. n.d.
3f Ho o
o)*
| g
4 Ph N NJ\N\“Q Toluene (0.5) la 2 n.r. n.d.
HoH o Wh,
39
O e o
5 OO O;P\OH Toluene (0.5) 1a 2 n.d. Racemic
CFs
s
6 o Pl CH;CN (0.5) le 3 52 37
’ HoH o (e,
3a
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7 CH;CN (0.5) le 2 57 25
FiC CFs
8 Quinine, 3i Toluene (0.5) 1a 1 >95!f] 15
9 Quinine, 3i Toluene (0.5) 1c 1 >95!1] Racemic
10 Quinine, 3i Toluene (0.5) le 1 >95!1] 6
11 Cinchonidine, 3j Toluene (0.5) la 1 >95l1 Racemic
12 Cinchonidine, 3j Toluene (0.5) 1c 1 >95!1] Racemic
13 Cinchonidine, 3j Toluene (0.5) le 1 >95l1 Racemic
CF3 CFs
joR e
14 FaC NJJ\N CFy Toluene (0.5) 1c 1 n.r.4 n.d."
H H
3k
CF3 CF3
15 Q 1 Q hil Q Toluene (0.5) 1a 1 nrd n.d.
Fc N H v oF, . I .d.
3l
CF,
3 d
16 @l JU Toluene (0.5) 1a 1 n.r.ld n.d.
N“ON CFs
H H
3m

CFs
OH
S [d] [e]
17 P Toluene (0.5) 1a 1 n.r. n.d.
N” N CF,4
H H
3n

[a] Experimental conditions: To a mixture of catalyst 3a-n (0.02 mmol), and aldehyde 2a (0.1 mmol) in the
corresponding solvent, phosphite 1a-e (0.2 mmol) was further added in a test tube at room temperature. After the
reaction time, adducts 4 were isolated by flash chromatography. [b] Isolated yield. [c] Determined by chiral HPLC
analysis. [d] Not reaction observed. [e] Not determined. [f] Conversion by "H-NMR.
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Figure S1. 'H and >C NMR spectra of compound 4ea
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Figure S2. 'H and ">C NMR spectra of compound 4ec
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Figure S3. 'H and >C NMR spectra of compound 4ee

OH
__OPh
Il:l’—OPh
O
Br
4ee
JLL | SR S
Py Ly Y
NN A DN [
O © Ng-e o
o~N b oo o
I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I ‘
8.0 7.0 6.0 5.0 4.0 3.0 2.0
ppm (t1)
NS M W MO IOHM dd O MO MN~O
< < M N OO M ©O O~ OIF O O n
N - O N S MNMNO OO OAN S LS N
SSS ¥ dH9 09 9% BLAN OGSO ~
n wnwn N MHOM NN NN NN NN NN N o o
o I B B B B I | o A ~ ©
I
| |
[
\ \ \
150 100 50
ppm (f1)



Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2013

Figure S4. 'H and >C NMR spectra of compound 4eg
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Figure S5. 'H and >C NMR spectra of compound 4eh
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Figure S6. 'H and >C NMR spectra of compound 4ei
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Figure S7. 'H and ">C NMR spectra of compound 4ej
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Figure S8. 'H and >C NMR spectra of compound 4ek
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HPLC CROMATOGRAMS OF COMPOUNDS 4
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Figure S9. Racemic mixture of 4ea. Daicel Chiralpak IA column (n-hexane/AcOEt = 70:30, flow rate 1 mL/min).
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Figure S10. Chiral sample of (R)-diphenyl hydroxy(4-nitrophenyl)methylphosphonate (4ea)
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Figure S11. Racemic mixture of 4eb. Daicel Chiralpak IC column (n-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S12. Chiral sample of (R)-diphenyl hydroxy(p-tolyl)methylphosphonate (4eb)
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Figure S13. Racemic mixture of 4ec. Daicel Chiralpak IC column (rn-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S14. Chiral sample of (R)-diphenyl hydroxy(naphthalen-1-yl)methylphosphonate (4ec)
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Figure S15. Racemic mixture of 4ed. Daicel Chiralpak IC column (n-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S16. Chiral sample of (R)-diphenyl hydroxy(phenyl)methylphosphonate (4ed).
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Figure S17. Racemic mixture of 4ee. Daicel Chiralpak IA column (n-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S18. Chiral sample of (R)-diphenyl (4-bromophenyl)(hydroxy)methylphosphonate (4ee).
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Figure S19. Racemic mixture of 4ef. Daicel Chiralpak IC column (n-hexane/i-PrOH = 98:2, flow rate 1 mL/min).
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Figure S20. Chiral sample of (R)-diphenyl (4-chlorophenyl)(hydroxy)methylphosphonate (4ef).

18



Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2013

0.30]
0.25
0201
0.5 3
] 8 _
2] © o
0.10+ f =
0.05
0001 - -
-0.05 ] N ! | N ! I ! N | N ! ! ' ! ! ] ! N N
14,00 16.00 18.00 20.00 2200 24,00 26.00
Minutes
Processed Channel: PDA 272.6 nm
Processed Channel R.e‘e“”’?” Area % Area Height
Time (min)
1| PDA 2726 nm 16,034 3639007 4975 104602
2| PDA 2726 nm 21631 3675027 5025 80550

Figure S21. Racemic mixture of 4eg. Daicel Chiralpak IC column (n-hexane/i-PrOH = 95:5, flow rate 1 mL/min).
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Figure S22. Chiral sample of (R)-diphenyl (3-chlorophenyl)(hydroxy)methylphosphonate (4eg).
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Figure S23. Racemic mixture of 4eh. Daicel Chiralpak IA column (n-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S24. Chiral sample of (R)-diphenyl (4-cyanophenyl)(hydroxy)methylphosphonate (4eh)
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Figure S25. Racemic mixture of 4ei. Daicel Chiralpak IA column (n-hexane/i-PrOH = 90:10, flow rate 1

mL/min).
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Figure S26. Chiral sample of (R)-diphenyl 1-hydroxy-3-phenylpropylphosphonate (4ei)
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Figure S27. Racemic mixture of 4ej. Daicel Chiralpak IA column (n-hexane/i-PrOH = 95:5, flow rate 1 mL/min).
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Figure S28. Chiral sample of (R)-diphenyl cyclohexyl(hydroxy)methylphosphonate (4ej)
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Figure S29. Racemic mixture of 4ek. Daicel Chiralpak IA column (n-hexane/i-PrOH = 98:2, flow rate 1 mL/min).
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Figure S30. Chiral sample of (R)-diphenyl-1-hydroxy-2,2-dimethylpropylphosphonate (4ek)
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X-RAY CRYSTALLOGRAPHY

Crystal data, data collection and refinement parameters for complexes 1 and 2 were recorded with a
Bruker Kappa APEX2 diffractometer equipped with an area detector and graphite monochromated Mo
Ka radiation (0.71073 A). Data reduction was done with the APEX2 software.[3] The structure was
solved by direct methods and refined by full-matrix least-squares methods based on F* using SHELXL-
97 and WinGX programs.[4] Non-hydrogen atoms were refined anisotropically, while hydrogen atoms
were positioned geometrically and refined with isotropic displacement parameters according to the riding

model. Distance and angle calculations were performed using the SHELXL-97 and WinGX programs.[4]

Crystal data of (R)-4ee: [C1oH,sBrO,P], orthorhombic, P21212, a = 9.2741(10) A, b = 38.324(4) A, ¢ = 5.0810(5)
A, Z=4,M,=419.20 g mol™, V' =1805.93) A®, Deyiea = 1.542 g cm >, (Mo Ka) = 0.71073 A, T=100 K, u =
2.385 mm', 28933 reflections collected, 4788 unique (R, = 0.0931), R1(F,) = 0.0599 [ > 20()], wR2 (F’) =

0.1583 (all data), GOF = 1.038. CCDC 953498.

* APEX2 Bruker AXS Inc., Madison, Wisconsin, USA, 2011.
4 (a) G. M. Sheldrick, SHELXS-97 and SHELXL-97; University of Gottingen, Germany, 1997; (b) Farrugia, L. J. WinGX;
University of Glasgow, Great Britain, 1998.
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/ C2a

Crystal data of (R)-deg: [CoH cClO,4P], orthorhombic, P212121, a = 6.2873(11) A, b = 12.402(2) A, ¢ =
22.054(4) A, Z=4, M, =374.74 gmol™", V'=1719.7(5) A’, Degica = 1.447 g cm™, A(Mo Ka) = 0.71073 A, T = 100
K, u = 0.336 mm ', 19889 reflections collected, 4095 unique (R = 0.0352), R1(F,) = 0.0315 [I > 20(I)], wR2

(F,2) = 0.0883 (all data), GOF = 1.047. CCDC 953499,
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