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NMR and IR Spectra of compound 1
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Figure S1. 31P{1H} NMR spectrum for compound 1 at 298 K in CD:Cl
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Figure S2. Variable temperature 31P{1H} NMR spectra for compound 1 from 298 K to 213 K in
CD:Cl;
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Figure S3. Solid state CPMas 31P NMR spectrum for compound 1
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Figure S4. 1H NMR spectrum for compound 1 at 213 K in CDzCl;
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Figure S5. Variable temperature 1H NMR spectra for compound 1 from 298 K to 213 K in CDzCl;
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Figure S6. 'H NMR analysis of compound 1 at 213 K in CDCl, from bottom to top: no 31P
decoupling, broad band 3!P decoupling, selective 31P decoupling at 28 ppm, selective 31P decoupling
at 63 ppm.
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Figure S7. NOESY 1H/1H spectrum for compound 1 at 213 K in CDCl;
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Figure S8. NOESY 1H/1H spectrum for compound 1 at 213 K, zoom on H-P form 1 in CDCl:
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Figure S9. NOESY 1H/1H spectrum for compound 1 at 213 K, zoom on H-P form 2 in CD:Cl
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Figure §10. 13C{1H} NMR spectrum of compound 1 at 213 K in CD:Cl;
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Figure S§11. 13C{1H} NMR analysis of compound 1 at 213 K in CD:Clz, from bottom to top: no 31P
decoupling, broad band 3!P decoupling, selective 31P decoupling at 28.5 ppm, selective 31P
decoupling at 63.1 ppm.
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Figure §12. 13C{1H} NMR analysis of compound 1 at 213 K in CD:Cl;, from bottom to top: no 3P
decoupling, broad band 31P decoupling, selective 31P decoupling at 28.5 ppm, selective 31P
decoupling at 63.1 ppm, 27.5 to 16.0 ppm window.
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Figure S13. 1H / 13C{1H} NMR HSQC experiment at 213 K for compound 1, zoom 1 in CD:Cl;
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Figure S14. 1H / 13C{1H} NMR HSQC experiment at 213 K for compound 1, zoom 2 in CD:Cl;
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Figure S15. 1H NMR spectrum for compound K[PO-iPr] at 298 K in THF-ds
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Figure §16. 31P{1H} NMR spectrum for compound K[PO-iPr] at 298 K in THF-ds
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Figure S17. 13C{1H} NMR spectrum for compound K[PO-iPr] at 298 K in THF-ds
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Figure S18. 1H NMR spectrum for compound D[PO-iPr] at 298 K in CDCl3
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Figure §19. 31P{1H} NMR spectrum for compound D[PO-iPr] at 298 K in CDCl3
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IR spectrum of compound 1, H[PO-iPr] on Perkin Elmer FT-IR/FIR
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Figure S20. Powder ATR IR for compound 1.
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NMR and IR Spectra of compound 2
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Figure S21. 31P{1H} NMR spectrum for compound 2 at 298 K in CDzCl;
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Figure S22. Variable temperature 3P{1H} NMR spectra for compound 2 from 298 Kto 213 K in
CD:Cl;
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Figure $23. Solid state CPMas 31P NMR spectrum for compound 2
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Figure S24. 'H NMR spectrum for compound 2 at 233 K in CDzCl:
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Figure S25. Variable temperature 1H NMR spectra for compound 2 from 298 K to 213 K in CD:Cl;
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Figure S26. NOESY 'H/'H spectrum for compound 2 at 233 K in CD:Cl;
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Figure S27. NOESY 1H/!H spectrum for compound 2 at 233 K, zoom on H-P form 1 in CDzCl;
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Figure S28. NOESY 1H/!H spectrum for compound 2 at 233 K, zoom on H-P form 2 in CDzCl;
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Figure S29. 13C{1H} NMR spectrum of compound 2 at 213 K in CD:Cl;

0emF161107.13.fid
13C{1H}bb{31P} 233k

4,_1 }l o) ] J l\l‘

cemF161107.12.fid
13C{1H}bb{31P} 53.4p 233k

) } J e | J . ‘ o

oemF161107.11.fid
13C{1H}bb{31P} 19.6p 233k

lnd J | . N

T T T T T T T T T T T T T T T
152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122 120 118 116 114 112 110 108
f1 (ppm}

Figure $30. 13C{1H} NMR analysis of compound 2 at 233 K in CD:Cl;, from top to bottom: no 3P
decoupling, broad band 31P decoupling, selective 31P decoupling at 53.4 ppm, selective 31P
decoupling at 19.6 ppm, 153 to 107 ppm window.
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Figure S31. 13C{1H} NMR analysis of compound 2 at 233 K in CD:Clz, from top to bottom: no 31P
decoupling, broad band 3!P decoupling, selective 31P decoupling at 53.4 ppm, selective 31P
decoupling at 19.6 ppm, 36 to 19 ppm window.
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Figure $32. 1H NMR spectrum for compound K[PO-Cy] at 298 K in THF-ds
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Figure $33. 31P{1H} NMR spectrum for compound K[PO-Cy] at 298 K in THF-ds
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Figure §34. 13C{1H} NMR spectrum for compound K[PO-Cy] at 298 K in THF-ds
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Figure $35. 1H NMR spectrum for compound D[PO-Cy] at 298 K in CD:Cl:
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Figure §36. 31P{1H} NMR spectrum for compound D[PO-Cy] at 298 K in CD:Cl;
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IR spectrum of 2 on Perkin Elmer IR Frontier
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Figure S37. Powder ATR IR for compound 2.
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NMR and IR Spectra of compound 3
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Figure $38. 31P{1H} NMR spectra for compound 3 at 298 K in CD:Cl:
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Figure S39. Variable temperature 31P{1H} NMR spectra for compound 3 from 298 K to 213 K in

CD:Cl;
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Figure 540. Solid state CPMas 31P NMR spectrum for compound 3
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Figure S41. 'H NMR spectrum for compound 3 at 213 K in CDzCl:
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Figure $42. Variable temperature 1H NMR spectra for compound 3 from 298 K to 213 K in CD:Cl;
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Figure S43. NOESY 1H/!H spectrum for compound 3 at 213 K in CD:Cl;
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Figure S44. NOESY 1H/'H spectrum for compound 3 at 213 K, zoom on H-P form 1 in CDzCl;
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Figure $45. NOESY 'H/'H spectrum for compound 3 at 213 K, zoom on H-P form 2 in CD:Cl;
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Figure 546. 31P{1H} NMR spectra for compound 3 at 213 K in CD:Cl;
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Figure S47. 31P NMR spectra for compound 3 at 213 K in CD:Cl;
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Figure §48. 1H NMR analysis of compound 3 at 213 K in CD:Clz, from bottom to top: no 31P
decoupling, broad band 31P decoupling, selective 31P decoupling at 23 ppm, selective 31P decoupling
at 59 ppm.
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Figure $49. 1H / 31P{1H} NMR HMBC experiment at 213 K for compound 3 in CD:Cl>
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Figure $50. 13C{1H} NMR spectrum at 213 K for compound 3 in CD:Cl;
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Figure §51. 3C{H} NMR spectrum at 213 K in CD:Clz for compound 3, 152 to 112 ppm window.
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Figure §52. 13C{1H} NMR spectrum at 213 K in CD:Clz for compound 3, 36 to 18 ppm window.
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Figure §53. 13C{1H} NMR analysis of compound 3 at 213 K in CD:Clz, from bottom to top: no 31P
decoupling, broad band 3!P decoupling, selective 31P decoupling at 23 ppm, selective 31P decoupling
at 59 ppm.
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Figure §54. 13C{1H} NMR analysis of compound 3 at 213 K in CD:Cl;, from bottom to top: no 31P
decoupling, broad band 31P decoupling, selective 31P decoupling at 23 ppm, selective 31P decoupling
at 59 ppm, 36 to 18 ppm window.
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Figure §55. 1H / 13C{1H} NMR HSQC experiment at 213 K in CD:Cl: for compound 3.

S30



emol0021.2.fid
H1_INT
EMM184 : K[PO-Cyp]

THF

THF

Bis)| [ceo E IS F teal
741 5.92 4 25

741

T L

&5 80 75 70 65 60 55 50 45  an 35 30 25 20 15 10 o5 oo 05
f1 (ppm}
Figure S56. 1H NMR spectrum for compound K[PO-Cyp] at 298 K in CD:Cl;
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Figure §57. 31P{1H} NMR spectrum for compound K[PO-Cyp] at 298 K in CD:Cl;
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Figure §58. 13C{1H} NMR spectrum for compound K[PO-Cyp] at 298 K in THF-ds
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IR spectrum of compound 3 on Perkin Elmer IR Frontier (4
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Figure §59. Powder IR analysis for compound 3 and K[PO-Cyp].
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NMR and IR Spectra of compound 4
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Figure S60. 31P{1H} NMR spectra for compound 4 at 298 K in CD:Cl;
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Figure S61. Variable temperature 31P{1H} NMR spectra for compound 4 from 203 K to 328 K in
CD:Clz (exp 1 to 9) and CDCI;z (exp 10 to13)
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Figure S62. Solid state CPMas 31P NMR spectrum for compound 4
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Figure $63. 1H NMR spectrum for compound 4 at 298 K in CD:CI;
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Figure S64. 1H{31P} NMR spectrum for compound 4 at 298 K in CDzCl>
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Figure S65. Variable temperature 1H NMR spectra for compound 4 from 203 K to 298 K in CD:Cl;
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Figure S66. Variable temperature 1H NMR spectra for compound 4 from 298 K to 328 K in CDCl3
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Figure S67. NOESY 1H/1H spectrum for compound 4 at 298 K in CD:Cl;
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Figure S68. 13C{1H} NMR spectrum at 298 K for compound 4 in CDzCl>
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Figure $69. 1H NMR spectrum for compound K[PO-OMe-Ph] at 298 K in THF-ds
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Figure S70. 31P{1H} NMR spectrum for compound K[PO-OMe-Ph] at 298 K in THF-ds
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Figure S71. Powder ATR IR for compound 4 and K[PO-OMe-Me]
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Dynamic exchange between the exo and endo form in solution for 1-3

Thermodynamic data

The van’t Hoff plot affords AGo according to the following equation:

AG
Ink =52 (1)

Compound 1 H[PO-iPr]

T (K) Integral Form 1 Integral Form 2 In(1/2)

233 3,62 1 1,28647403
223 3,53 1 1,26129787
213 3,49 1 1,24990174
203 3,48 1 1,24703229

iPr, In(1/2) = f(1/T)
1,29
1,285
1,28

1,275 \
1,27 ~

1,265
1,26
1,255 o~

1,25 ®

1,245 i \ e

X+ >
1,24
1,235
0,0042 0,0043 0,0044 0,0045 0,0046 0,0047 0,0048 0,0049

R?=0,8414

AHo = -(-60.315) * 8.31.103 = 501.21765 1073 kl.mol*
ASo =1.5386%8.31.103 = 12.785766 J.mol!

With AGo = AHo -TASo

AGe*® = -3.31 kl.mol?

AGp21315 = .2 .22 kl.mol?

540

1T
0,00429185
0,0044843
0,00469484
0,00492611

0,005



Compound 2 H[PO-Cy]

T (K) Integral Form 1 Integral Form 2 In(1/2) 1/T

253 3,23 1 1,17248214 0,00395257
243 3,07 1 1,12167756 0,00411523
233 2,85 1 1,04731899 0,00429185
223 2,79 1 1,0260416 0,0044843

Cy, In1/2 = f(l/T)
1,2
1,18 o
1,16
, ~
1,14 ~
1,12
1’1 \
1,08 ~
1,06
1,04 o \‘
102 Y= '288,06X 2, 9 @
2 _
1 R2= 17
0,0039 0,004 0,0041  0,0042  0,0043 00044  0,0045  0,0046

® Cy Linéaire (Cy)

AHo = 2393.8 10 kJ.mol*?

ASo=19.15 J.mol?

AGo?*® = -3.31 kl.mol?

AGe?1315 = -1.69 kl.mol*!
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Compound 3 H[PO-Cyp]

T Integral Form 1 Integral Form 2 In(1/2) 1/T
243 2,79 1 1,0260416 0,00411523
233 2,71 1 0,99694863 0,00429185
223 2,61 1 0,95935022 0,0044843

PCyp, In(1/2) = f(1/T)

1,03

1,02 .\‘
1,01 ™~
\

1 N
0,99 N
0,98 ~
0,97 ~
0.96 y'=-180,92x + 1,7 7T5_

’ R2 =0,9976 “

0,95
0,00405 0,0041 0,00415 0,0042 0,00425 0,0043 0,00435 0,0044 0,00445 0,0045 0,00455

AHo = 1503.45 1073 kJ.mol?
ASo = 14.709 J.mol™
AGo?*® = -2.88 ki.mol?

AGp?1315 = -1.63 kl.mol?
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Kinetic data

The activation parameters for the equilibrium have been determined according to equation
(2), from the Eyring equation (1).

k = x " e=AG/RT (1)
k AH  AS
log = 1032 = & cor T 458 @

The rate constant k has been determined with DNMR software from Topspin 1.3

Compound 1 H[PO-iPr]

T (Kelvin) k (s1)
233 10
243 40
253 100
263 250
273 600
283 1500
293 4000

log% = f(%) below

1,5
1 {\
0,5
& Sériel
0 T T T 1 . , . L.
0,003 0,0032 0,0034 0,0036 0,003%_ 0,004 Linéaire (Sériel)
0,5
1
y=-2752,2x + 10,472
R?=0,9972
1,5
AH
— —— = —=2752,2
4,58

AH = 12605 cal/mol

AS

= 1032 = 1047
458 T
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AS = 0,69 cal/mol

At 293 K: AG = 12605 — 293 (0,69) = 12,4 Kcal/mol = 51.9 KJ/mol

Compound 2 H[PO-Cy]

T (Kelvin) k (s?)
233 1
243 3
253 6
263 10
273 25
283 65
293 150
303 410

log% = f(%) below

0,5

0 T ’ T T T 1

0,003 0,0032 0,8Q34 0,0036 0,0038 0,004

. \
1

* o Sériel
-1,5 4 \ —— Linéaire (Sériel)
2
y =-2419,9x + 7,9516
2,5 R*=0,9823
3
AH
— —— = -2419,9
4,58

AH = 11083 cal/mol

AS .
——+ 10,32 =
4,58 + 10,3 7,9

AS = —10,85 cal/mol

At 293 K: AG = 11083 — 293 (-10,85) = 14,3Kcal/mol = 59.8 KJ/mol
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Compound 3 H[PO-Cyp]

T (Kelvin) k (s1)
243 10
253 20
263 50
273 100
283 200
293 400

log% = f(%) below

0,4

0,2

: N

0,003 0,0032 0,0034 \0,0036 0,0038 0,004
-0,2

-0,4

\ & Sériel
-0,6
\ —— Linéaire (Sériel)
-0,8

-1

L 4

-1,2

1,4 y = -2186,2x + 7,5807

R?=0,9981
-1,6
AH
— 5 = —2186,2
4,58 ’

AH = 10013 cal/mol

AS

E-I_ 10,32 = 7,58

AS = —12,55 cal/mol

At 293 K: AG =10013 - 293 (-12,55) = 13,7 Kcal/mol = 57.3 KJ/mol
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X-Ray Analyses and Structural Figures

Data for 2 (CCDC 1846730), 3 (CCDC 1846732) and 4 (CCDC 1846731) were collected at low
temperature (100 K) on a Bruker Kappa Apex Il diffractometer using a microsource with a Mo-
Ko radiation (L = 0.71073A) and equipped with an Oxford Cryosystems Cryostream Cooler
Device.

The structures have been solved by Direct Methods using either SIR92 [1] or SHELXS97 [2],
and refined by means of least-squares procedures on a F? with the aid either of the program
SHELXL2016 [2] included in the softwares package WinGX version 1.63 [3] or with the software
Crystals [4]. The Atomic Scattering Factors were taken from International tables for X-Ray
Crystallography [5]. All hydrogens atoms were placed geometrically, and refined by using a
riding model, except for the Hydrogen atom bonded to the Phosphorus atom which was
located for each structure by Fourier differences. All non-hydrogens atoms were
anisotropically refined. Drawing of molecules were performed with the program ORTEP32 [6]

with 30% probability displacement ellipsoids for non-hydrogen atoms.

03

Figure S72. Molecular structure of 2
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Figure S73. Molecular structure of 3

Figure S74. Molecular structure of 4
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