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Single Crystal X-ray Analysis. The X-ray diffraction (XRD) data for the single crystals of 7, 9, 13, and 23
were collected on a three-circle diffractometer diffractometer with a CCD plate detector (m-scan mode) using
graphite-monochromated MoKa (0.71073 A) radiation at 293(2) K. The XRD data for 8 and 20 were collected on a
on a four-circle diffractometer diffractometer with a CCD plate detector (w/@-scan mode) using graphite-
monochromated MoKa radiation at 293(2) and 150(2) K, respectively. The performance mode of the sealed X-ray
tubes was 50 kV, 30 mA. Suitable crystals of appropriate dimensions were mounted on glass fibres or cactus needles
in random orientations. Preliminary unit cell parameters were determined with three or four sets of 12 narrow frame
scans. Data collection: images were indexed and integrated using the APEX2 (v2014.11-0) or APEX3 (v2015.9-0)
data reduction package. Final cell constants were determined by global refinement of reflections from the complete
data set. Data were corrected for systematic errors and absorption using SADABS-2014/5. XPREP-2014/2 and the
ASSIGN SPACE GROUP routine of WinGX-2014.1 were used for analysis of systematic absences and space group
determination. The structures were solved by the direct method using SHELXT-2018/2%' and refined by the full-
matrix least-squares on F* using SHELXL-2018/3%. Calculations were mainly performed using the WinGX-2014.1
suite of programs.*® Non-hydrogen atoms were refined anisotropically. The positions of the hydrogen atom H' of 13
and the hydrogen atoms H”, H’, and H* of 20 were determined based on the difference electronic density maps and
these atoms were refined isotropically. The positions of the hydrogen atoms of methyl groups were found using a
rotating group refinement with idealized tetrahedral angles. The other hydrogen atoms were inserted at the
calculated positions and refined as riding atoms. In the cases of 7, 8, and 13 the disorder was resolved using free
variables and reasonable restraints on geometry and anisotropic displacement parameters. All the compounds
studied have no unusual bond lengths and angles. The absolute structure of crystals 13 and 20 was determined on the
basis of the Flack parameter.>*

The unit cell of 9 contains highly disordered solvent molecules of pentane along 4-fold screw axes, which
were treated as a diffuse contribution to the overall scattering without specific atom positions by
PLATON/SQUEEZE-290617.% In the unit cell (Z = 16) there are 4 voids with volume of ca. 198 A® containing ca.
42 electrons per the void, hence the ratio of phosphorane 9 to pentane is 4 : 1. Squeezed solvent info is not included
in the formula and related items such as molecular weight and calculated density. Interestingly, compound 23
crystallizes with the molecule bisected by mirror planes in the centrosymmetric space group Pnma of the
orthorhombic crystal system, hence the asymmetric cell contains half of the molecule (Z'= 0.5). This structure was
reported previously.*®

Crystallographic data for 7. C,yH,,F,O5P, colorless prism, formula weight 590.26, monoclinic,
P2,/c,a=15.787(9) A, b =10.811(6) A, c = 13.977(8) A, = 112.816(7)°, V' =2199Q2) A*>, Z=4, Z'= 1,
dpare = 1.783 g-em >, W(AMoK ) = 0.260 mm ™', F(000) = 1176; 20876 reflections were collected, 4023 of
which were unique, R;,, = 0.0363, R, = 0.0268; completeness to 0 of 25.242° is 99.7 %. Refinement of 398
parameters with 212 restraints converged to R, = 0.0444, wR, = 0.1116 for 3018 reflections with 7 > 2c(J)
and R; = 0.0611, wR, = 0.1226 for all data with S = 1.028 and residual electron density, pmax/min = 0.313
and -0.273 e A

Crystallographic data for 8. C,4H, F4O4P, colorless prism, formula weight 598.38, triclinic, P—1, a
=10.7892(6) A, b=11.1562(6) A, c = 11.7122(6) A, a.= 101.788(3)°, B = 99.647(3)°, y = 106.558(3)°, V =
1283.93(12) A’, Z =2, Z' = 1, doye = 1.548 g-em >, p(AMoK,) = 0.203 mm ', F(000) = 612; 38254
reflections were collected, 4510 of which were unique, R;,, = 0.0572, R, = 0.0422; completeness to 0 of
25.242° was 96.5 %. The refinement of 383 parameters with 55 restraints converged to Ry = 0.0442, wR, =
0.1057 for 2940 reflections with 7 > 2c(/) and R, = 0.0813, wR, = 0.1222 for all data with S = 1.027 and
residual electron density, pmaxmin = 0.216 and —0.275 e A

Crystallographic data for 9. C,3H;Cl4O5P, colorless prism, formula weight 552.95, tetragonal,
I41/a,a =27.972(6) A, c = 11.844(3) A, V'=9268(5) A>, Z=16,7'=1, d.yi. = 1.585 g-cm °, W(AMoK ) =
0.838 mm ', F(000) = 4448 (squeezed solvent info is not included in the formula and related items); 34206
reflections were collected, 4413 of which were unique, R;,, = 0.0349, R, = 0.0199; completeness to 0 of
25.242° was 99.9 %. The refinement of 271 parameters with no restraints converged to R; = 0.0399, wR, =
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0.0929 for 3637 reflections with / > 2c(/) and R; = 0.0500, wR, = 0.0990 for all data with S = 1.048 and
residual electron density, pmaxmin = 0.758 and —0.686 e A3,

Crystallographic data for 13. C,H, NO4P, colorless plate, formula weight 273.26, monoclinic,
P2,,a=17.266(3) A, b=11.409(5) A, c =8.573(4) A, B=96.695(6)°, V=705.805)A*, Z2=2,Z"=1,d oy =
1.286 g-cm >, w(AMoK,) = 0.201 mm™', F(000) = 292; 5170 reflections were collected, 2545 of which were
unique, R;,, = 0.0317, R, = 0.0557; completeness to 0 of 25.242° was 100 %. The refinement of 228
parameters with 200 restraints converged to R; = 0.0429, wR, = 0.0846 for 2011 reflections with 7 > 2c(/)
and R, = 0.0589, wR, = 0.0915 for all data with § = 1.038 and residual electron density, pmax/min = 0.137
and —0.172 e A. Absolute structure parameter was 0.01(9).

Crystallographic data for 20. C(H,0OsP, colorless prism, formula weight 190.09, orthorhombic,
P2,2,2,,a=4.6005(4) A, b=10.1220(8) A, c = 16.4334(14) A, V=76524(11) A’, Z=4,7'= 1, d . =
1.650 g-cm ™, W(AMoK,) = 0.338 mm ', F(000) = 392; 5805 reflections were collected, 2368 of which were
unique, R;,; = 0.0346, R, = 0.0486; completeness to 0 of 25.242° was 99.2 %. The refinement of 121
parameters with no restraints converged to R, = 0.0387, wR, = 0.0831 for 2159 reflections with 7 > 2c(J)
and R; = 0.0440, wR, = 0.0859 for all data with S = 1.045 and residual electron density, pmax/min = 0.325
and —0.408 e A, Absolute structure parameter was —0.08(8).

Crystallographic data for 23. C,(H,Cl;0, colorless prism, formula weight 249.51, orthorhombic,
Pnma, a =10.636(8) A, b =7.223(6) A, c = 14.840(11) A, V'=1140.1(15) A’>, Z=4,2'= 0.5, d . = 1.454
g-cm >, p(AMoK,) = 0.767 mm ', F(000) = 504; 7560 reflections were collected, 1120 of which were
unique, R;,, = 0.0665, R, = 0.0445; completeness to 0 of 25.242° was 100 %. The refinement of 82
parameters with no restraints converged to R; = 0.0825, wR, = 0.2255 for 702 reflections with / > 2c(/) and
R, =0.1163, wR, = 0.2555 for all data with § = 1.082 and residual electron density, pmaymin = 0.845 and —
0.557 e A, This structure was reported previously 5.

It can be assumed that the carbon of the trichloromethyl group C*'Cl; in molecule 9 is located on the plane
P'0?0°C’ [deviation of atom C*' from the above plane is —0.150(2) A]. In molecules 7 and 8 the atoms C?, F', F?,
F'*(in molecule 7) and C*', C¥, F', F?, F® (in molecule 8) are lying in this plane, and their deviations from the above
one are: 0.038(3), 0.105(2), —0.231(2), —0.158(2), —0.150(2), 0.174(2), —0.120(2), —0.111(2) and —0.182(2) A,
respectively.

The five-membered heterocycle of the benzodioxaphosphole fragment is planar within 0.018(2) A (7),
0.025(2) A (8), 0.042(2) A (9) and occupies the axial-equatorial position in the trigonal bipyramid (the atom O' is
apical, the atom O is equatorial). The atoms O® and C’ are deviated from this plane in different directions by the
following distances: 1.441(2) and 1.286(2) A (7), —1.372(2) and 1.410(2) A (8), —1.442(2) and 1.297(2) A (9). The
atom O® is accordingly lying in dioxaphosphole heterocycle plane [its deviation from the plane O'P'O’C*C" is
0.1712) A (7), 0.1452) A (8), 0.0002) A (9)]. It could be considered that in molecule 9 the planar
benzodioxaphosphole fragment is a part of a longer eleven-atom plane O'P'O*0*C°C*"* plane [within 0.065(2) A],
and atom C" is deviated from this plane on 0.506(2) A. The phenyl substituent C'°?° plane at C° atom is
considerably turned with respect to this eleventh atomic fragment [dihedral angle between planes O'P'O’0*C°C*
B/C3C* is equal to 50.2(1)°].

Substituents at the atoms of this cycle (Ol, 0%, C*, Cc* 0% B, C27) in molecule (8) are deviated from the
above plane fragment on distances of 0.496(2), 1.473(2), 1.422(2), 1.229(2), —1.155(2), —0.913(2) and —1.993(3) A
and occupy eq (equatorial), ax (axial), ax, bi (bisectional), bi, bi, ax positions, respectively. Substituents at the atoms
of the five-membered cycle (Ol, 02, c 03, ch, Czl) in molecule 9 are deviated from the plane P'C’0°C’ on
0.614(2), 0.1.494(2), 1.355(2), —1.064(1), —0.912(2) and —1.348(2) A, and located in eq, ax, ax, bi, bi, ax positions,
respectively.

The corresponding deviations of C', C*, 0% O°, C* and C* substituents from the P'O*C°0°C’ cycle are [in
parentheses here and below their spatial arrangement is presented] 1.18(2) [bi], 1.400(3) [ax], —2.276(2) [ax],
-0.391(2) [eq], —1.375(3) [ax], and —0.796(3) A [bi], respectively.
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The substituents at atoms of the six-membered ring of the molecule 7 (Ol, 0% 0% C7, ¢ C" and
C'%!" atoms) are deviated from planar fragment P'O’C*C’ on the following distances: 0.690(2) [eq],
—1.381(2) [bi], 1.423(2) [ax], 1.504(2) [bi], 0.556(4) [eq], —1.803(3) [ax] and —0.37(3) A [eq], respectively.
The substituents at atoms of the six-membered ring of the molecule 8 (0!, 0°, 0°%, C’, c*, C" and C"
atoms) are deviated from the plane fragment mentioned above on the following distances: 0.856(2) [eq],
—1.174(2) [bi], 1.328(2) [ax], 1.555(2) [bi], —2.103(3) [ax], —0.174(3) A [eq] and —0.533(2) [eq],
respectively. The substituents 0!, 0%, 0° 7, C'* and C" of the same cycle in molecule 9 are deviated from
planar fragment P'O*C*C” on the following distances: 0.822(2) [eg], —1.245(1) [bi], 1.351(1) [ax], 1.503(2)
[bi], 0.221(2) [eq] and —0.420(2) A [eq], respectively.

The crystal of the compound 20 is stabilized by a 2D system of classical intermolecular H-bonds. Parameters
of the H-bonds are O*~H? 0.75(4) A, 0*--O% 2.781(2) A, H*--0* 2.08(4) A, angle O>~H?*.-0 158(3)°, symmetry
transformation used to generate equivalent atoms is x + 0.5, 1.5 — y, 1 —z; O*~H?; 0.82(4) A, O°--0°" 2.549(3) A,
H*.-0%" 1.73(4) A, angle O>-H*.--0°" 178(4)°, symmetry transformation is x — 1, y, z; O*~H* 0.80(3) A, 0*-0°”
2.586(2) A, H*--0’" 1.79(3) A, angle O*~H*.-O" 169(4)°, symmetry transformation is x — 0.5, 0.5 —y, 1 —z.

The crystallographic data for the investigated crystal samples have been deposited in the Cambridge
Crystallographic Data Centre as supplementary publication numbers CCDC 1852085 (7), 1852086 (8), 1852087 (9),
1852088 (13), and 1852089 (20). These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax: +44 1223 336033.
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Table S1. Crystal data and structure refinement for 7.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Zand Z'

Calculated Density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Data [ > 26(1 )]
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20(/ )]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

bar56

1852085
CyH 1 F1,05P
590.26

293(2) K

MoKa, 0.71073 A
Monoclinic

P2,/c (No. 14)
a=15.787(9) A
b=10.811(6) A
c=13.977(8) A
2199(2) A?

4 and 1

1.783 gem™
0.260 mm'

1176

0.407 x 0.319 x 0.168 mm®
2.347 to 25.400°

a=90°
B=112.816(7)°
v =90°

—18<h<19,-13<k<12,-16<[<16

20876

4023 [R(int) = 0.0363]
3018

99.7 %

Numerical

0.9794 and 0.9085

4023 /212 /398

1.028

R1=0.0444, wR2 =0.1116
R1=0.0611, wR2 =0.1226
n/a

0.313 and —0.273 e A™°

|

St
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Table S2. Crystal data and structure refinement for 8.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Zand Z'

Calculated Density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Data [/ > 25(1)]
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20({ )]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

khas17 1

1852086

Co4H FsOoP

598.38

293(2) K

MoKa, 0.71073 A

Triclinic

P-1 (No. 2)

a=10.7892(6) A o=101.788(3)°
b=11.1562(6) A B =99.647(3)°
c=11.7122(6) A v =106.558(3)°
1283.93(12) A’

2 and 1

1.548 g cm™

0.203 mm '

612

0.422 x 0.203 x 0.134 mm’

2.977 to 25.283°
—12<h<12,-13<k<13,-14<I<13
38254

4510 [R(int) = 0.0572]

2940

96.5 %

Semi-empirical from equivalents
0.7372 and 0.6818

4510/55/383

1.027

R1=10.0442, wR2 = 0.1057
R1=0.0813, wR2 =0.1222

n/a

0.216 and —0.275 ¢ A
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Table S3. Crystal data and structure refinement for 9.

Identification code khas61 sq

CCDC number 1852087

Empirical formula C1gH3CsO5P [+ solvent]*

Formula weight 552.95

Temperature 293(2) K

Radiation, wavelength MoKa, 0.71073 A

Crystal system Tetragonal

Space group 14,/a (No. 88)

Unit cell dimensions a=27.972(6) A a=90°
b=27.972(6) A B =90°
c=11.844(3) A v =90°

Volume 9268(5) A®

Zand Z' 16 and 1

Calculated density 1.585gcem™

Absorption coefficient 0.838 mm '

F(000) 4448

Crystal size 0.599 x 0.494 x 0.461 mm’

Theta range for data collection 1.867 to 25.699°

Index ranges —34<h<34,-34<k<34,-14<I[< 14

Reflections collected 34206

Independent reflections 4413 [R(int) = 0.0349]

Observed Data [/ > 25(/)] 3637

Completeness to theta = 25.242° 99.9 %

Absorption correction Numerical

Max. and min. transmission 1.0000 and 0.9103

Data / restraints / parameters 4413/0/271

Goodness-of-fit on F* 1.048

Final R indices [/ > 20(/)] R1=0.0399, wR2 =0.0929

R indices (all data) R1=0.0500, wR2 = 0.0990

Extinction coefficient n/a

Largest diff. peak and hole 0.758 and —0.686 ¢ A

*Squeezed solvent (pentane) info is not included in the formula and related items such as molecular weight and
calculated density. Ci

.

Y AS
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Table S4. Crystal data and structure refinement for 13.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Zand Z'

Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Data [/ > 25(1 )]
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20({ )]

R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

khas63

1852088

CoHyNO4P

273.26

293(2) K

MoKa, 0.71073 A

Monoclinic

P2, (No. 4)

a=17.266(3) A o =90°

b=11.409(5) A B = 96.695(6)°

c=8.573(4) A ¥ =90°

705.8(5) A’

2 and 1

1.286 g cm™

0.201 mm™

292

0.487 x 0.234 x 0.046 mm’

2.392 to 25.282°

—8<h<8,-13<k<13,-10</<10

5170

2545 [R(int) = 0.0317]

2011

100.0 %

Numerical

1.0000 and 0.9182

2545 /200 /228

1.038

R1=0.0429, wR2 = 0.0846
=0.0589, wR2 =0.0915

0.01(9)

n/a

0.137 and —0.172 e A
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Table S5. Crystal data and structure refinement for 20.

code

CCDC number
Empirical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Zand Z'

Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Data [ > 25(7)]
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 2o(/)]

R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

miron2018 8

1852089

C6H705P

190.09

150(2) K

MoKa, 0.71073 A

Orthorhombic

P212121(N0. 19)

a=4.6005(4) A o =90°
b=10.1220(8) A B =90°
c=16.4334(14) A vy =90°
765.24(11) A°

4 and 1

1.650 g cm™

0.338 mm'

392

0.541 x 0.457 x 0.391 mm’

3.193 to 31.430°
—6<h<5-14<k<14,-24<1<23
5805

2368 [R(int) = 0.0346]

2159

99.2 %

Semi-empirical from equivalents
0.7464 and 0.6153

2368 /0/121

1.056

R1=0.0387, wR2 =0.0831
R1=0.0440, wR2 = 0.0859

—0.08(8)

n/a

0.325 and —0.408 ¢ A

S15



Table S6. Crystal data and structure refinement for 23.

Identification code
Empirical formula
Formula weight
Temperature
Radiation, wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Zand Z'

Calculated density

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Data [/ > 25(1 )]
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [/ > 20({ )]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

khas64

C,H;C150

249.51

293(2) K

MoKa, 0.71073 A

Orthorhombic

Pnma (No. 62)

a=10.636(8) A o =90°
b=17.223(6) A B =90°
c=14.840(11) A v =90°
1140.1(15) A®

4 and 0.5

1.454 g cm™

0.767 mm "

504

0.454 x 0.148 x 0.108 mm '

2.356 to 25.249°
—12<h<12,-8<k<8,-17<I<17
7560

1120 [R(int) = 0.0665]

702

100.0 %

Numerical

0.9702 and 0.6877

1120/0/82

1.082

R1=0.0825, wR2 = 0.2255
R1=0.1163, wR2 = 0.2555

n/a

0.845 and —0.557 e A®

Ci2
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Figure S1. 'H NMR spectrum (400 MHz, CDCl3) of compound (6).
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Figure S4. BC NMR spectrum (100.6 MHz, CDCl3) of compound (6).
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Figure S7. *C-{'"H} and *C NMR spectra (100.6 MHz, CDCl5) of compound (6).
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Figure S$22. *C-{*'P} NMR spectrum (176.5 MHz, CDCls, 25°C) of phosphorane (7).
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Figure S26. 118-125 ppm region of >C-{*'P} (red) and *C-{'H}-{*'P} NMR spectra (176.5 MHz, CDCls, 25°C) of phosphorane (7).
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Figure $28. *C-{"’F} NMR spectrum (176.5 MHz, CDCls, 25°C) of phosphorane (7).
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Figure S29. 75-80 ppm region of *C-{"’F} (red), *C-{'H} (black), *C-{'"H}-{*'P} (blue) and *C-{*'P} NMR (purple) spectra (176.5 MHz, CDCl;) of
phosphorane (7).
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Figure S31. 110-112 ppm region of *C-{"’F} (red), *C-{'"H} (black), *C-{'H}-{’'P} (blue) and ’C-{*'P} NMR (purple) spectra (176.5 MHz) of
phosphorane (7).
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Figure S34. High-field fragments of *C-{"’F}-{*'P} (black) and C-{"’F} (blue) NMR spectra (176.5 MHz, CDCl5) of phosphorane (7).
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Figure S41. '"H NMR spectrum (400 MHz, acetone-dg, 25°C) of phosphorane (7).
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Figure S$45. >C NMR spectrum (100.6 MHz, acetone-ds, 25°C) of phosphorane (7).
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Figure S47. 122-131 ppm region of *C NMR spectrum (100.6 MHz, acetone-dg, 25°C) of phosphorane (7).
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Figure $48. >C-{'"H} and >C NMR spectra (100.6 MHz, acetone-ds, 25°C) of phosphorane (7).
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Figure S49. Fragments of >C-{'H} and '>C NMR spectra (100.6 MHz, acetone-ds, 25°C) of phosphorane (7).
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Figure S50. 117-128 ppm regions of *C-{'H} and *C NMR spectra (100.6 MHz, acetone-dg, 25°C) of phosphorane (7).
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S107



LETSTY
0L'S8EY
Por6ISy —

0T°0¥08 _
L8108 |

6£°0

Pl

HﬁliJJ_JJ 1 |

S

-

LSS = SN~ S ==
NSNS0 = \D eI
QO == e O OO N A SN

60°006C1 -
TS°L06T1 |
T6'L10€T |
LI'STOET

PE10L6 @
OO0 e,

==

0L'8€001 I
SPIPO0T - —
209001 = —, -
69°LP00T _— —
66°0S001 _— —= =
PL'ESO0I /= T =

$6'95001 _/ i

99.9

YI'LS86 S
$9°€986 —

SL'SLS6
8S°0L86 /-~ —
L1'7886

et il odiigee

v

42

LETSTY

0L'S8EY - |U
]
R

43

44

¢

vO'6ISy

45

M

0T0r08 —

L8°1078
116078
L9°0128 1
€0'9178 =
057708

eSS —ooo
= = e " e

ORI~

80.5

80.0

82.5 82.0 81.5 81.0

83.0

il

145.2

145.6

INNLJ S S N S e S S S B e S S B B S B S s S B B AL L e S B S e e e e B B B S e e e e e e B i e B e e e e e B e e A e B e B e B e B e |

140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45
Figure $88. *C NMR spectrum (100.6 MHz, CDCl3, 25°C) of phosphorane (9).

145

S108



b Gag [ pemly ) aSNeoInSWg carnoNoo cawn wwoe —r o

=E0EN00D —Ih NS I oory —nx e oown e
B S e Seiwiesr ] e 06 v =f —er el el
ST I — SSNSUInG e o I L e o —_ - — ——
coooooe RN IO \BASASAS w = -5 ciel — et et
1267 673 673 €73 €13 €7y AT QO cled e aa e eIy
— p— — p— p— — p— — —p— — p— — —— — — — p— — — — p—p— — — —p—— p—

MHJ [V L T—— N N W P—

130.0 129.5 129.0 128.5 128.0 127.5 127.0 126.5 126.0 125.5 125.0 124.5 124.0 123.5 123.0 122.5 122.0 121.5 121.0 120.5 120.0
Figure $89. 120-130 ppm region of *C NMR spectrum (100.6 MHz, CDCls, 25°C) of phosphorane (9).

S109



o) D = =) —~ o wiTr o U= NS SA NS ol oo —
SRy wnen = = e = NSy oMt u & ~
= = O e o w =) =) =) ~eny OO SN T =S e == =
v inlnlel —— - et u NSNS W == =r=ren — = o~
enenenen  tnen N o1 « o —— e e e ] -— — =
— p— p— —— — — p— — ] p— p—p— — p— — — — —
— —— — — p— —p— p— ot ]| p— — —

WL WL U

112.6 112.4 112.2 112.0 111.8 111.6 111.4 111.2 111.0 110.8 110.6 110.4 110.2
Figure $90. 110-112 ppm region of *C NMR spectrum (100.6 MHz, CDCls, 25°C) of phosphorane (9).

S110



N | T l Bl

— - - -Y'l T L | Il.l I-TI rtrr | rrrv | rrrrprrr1r . rrr+r|r ¢ 1 11| 11T

145 140 135 130 1258 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45
Figure S91. C-{'"H} and *C NMR spectra (100.6 MHz, CDCl3;, 25°C) of phosphorane (9).

S111



_— U

112.8 112.6 112.4 112.2 112.0 111.8 111.6 111.4 111.2 111.0 110.8 110.6 110.4 110.2

R R R R E——

T T T

—T 1 ‘' 1 ‘' 1 ' T ‘' T’ T ‘* I ‘+ T ‘" T ‘" T * T '+ T +* T " T * T "~ T * T ‘" T * T " T T T *+ T
145.2 144.8 144.4 144.0 143.6 143.2 142.8 142.4 142.0 141.6 141.2 140.8
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Figure S98. *'P-{'"H} NMR spectrum (162.0 MHz, acetone-ds, 25°C) of phosphonate (11).
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Figure S101. >C NMR spectrum (100.6 MHz, acetone-ds, 25°C) of phosphonate (11).
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Figure S103. °C-{'H} and "*C NMR spectra (100.6 MHz, acetone-ds, 25°C) of phosphonate (11).
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Figure S107. "’F NMR spectrum (386.4 MHz, acetone-ds, 25°C) of hydroxyketone (12).
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Figure S108. '’F NMR spectrum (386.4 MHz, CDCls, 25°C) of hydroxyketone (12).
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Figure S111. BC-{'H} and *C NMR spectra (100.6 MHz, acetone-ds, 25°C) of hydroxyketone (12).
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Figure S112. "H NMR spectrum (600 MHz, DMSO-d, 25°C) of phosphate (13).

S133



11.3801

180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80

Figure S113.°'P-{'"H} NMR spectrum (243.5 MHz, DMSO-dg, 25°C) of phosphate (13).
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Figure S114. *C-{"H} NMR spectrum (150.9 MHz, DMSO-d, 25°C) of phosphate (13).
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Figure S115. C-{'H} and *C-{'H} dept NMR spectra (150.9 MHz, DMSO-d,, 25°C) of phosphate (13).
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Figure S117. *C-{'H} and "*C NMR spectra (150.9 MHz, DMSO-ds, 25°C) of phosphate (13).
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Figure S123. BC NMR spectrum (100.6 MHz, CDCl3, 25°C) of unsaturated ketone (14).

S144



ai

J——

SHAO OISO ShONGO
SodS=x—=S
AR e e eyt (P, DD
Lol mal ol el sl V=¥ =]
e e e o, o
. ] ] ] o .

L

L vt GO D T v T

9¢€'956
L¥'696
81°'886

=
ol
=
=N
=)

] o . o o .

Cel=1e}
===
O
D
=N

ELIETTL
L) 4 44 S
L0°09TC1 ___

81°79¢¢l
0T'P9TTI
v1°89¢C1

€T 0LTC]
LTTLTTI

Or'Zoscr
1€°0TsTI —
LO'PESTI ___

SP9estl
10°8€SC1
0€°0pSTI
pPLTPSTI

veYretl

P8'0LSTI
SI'SLSTI -

LE'6ELT]
(40 4 754 ey

9€9S611

118.0 117.5 117.0

118.5

Lye9611 ___

ELIETTN S

()4 244 -

1205 120.0 1195 119.0

121.0

123.5  123.0 1225 122.0

124.0

116.5

121.5

124.5

125.0

Figure S124. 116-125 region of *C-{'H} NMR spectrum (100.6 MHz, CDCls, 25°C) of unsaturated ketone (14).

S145



L U AL

1 _l_k_‘J YTIVPRI | (O | S I -

T T T T T TTT T T T T T LIRS N S S B B B S N B B B B B B B B

190 185 180 175 170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 8 80 75

T T T T T T

Figure S125. *C-{'"H} and ">C NMR spectra (100.6 MHz, CDCl3, 25°C) of unsaturated ketone (14).

S146



o .

1 |

T T T T T T — T T T T v 1 v 1 T T [ T T T T 7T -y + Tt rrrr+ 1t rrrr 511!
190.0 189.6 141.5 141.0 140.5 140.0 139.5 136.0 135.5 135.0 134.5
Figure S126. Fragments of *C-{'H} and '*C NMR spectra (100.6 MHz, CDCls, 25°C) of unsaturated ketone (14).

S147



—

b

o o harettarngbpipapetinnd e

I e L L L IR L L L
126.0 125.0 124.0 123.0 122.0 121.0 120.0 119.0 118.0 117.0 116.0

Figure S127. 116-127 ppm regions of *C-{'H} and ">C NMR spectra (100.6 MHz, CDCl;, 25°C) of unsaturated ketone (14).

S148



Electronic supplementary information 7
Spectral data

Organic Chemistry Frontiers. 2018

Tandem dihetero-Diels-Alder and Huisgen cycloaddition reactions. Synthesis, structure and hydrolysis of the novel cage
phosphoranes based on 2-(1-phenylethenyloxy)benzo-1,3,2-dioxaphosphole

Nadezhda R. Khasiyatullina™®, Tamara A. Baronova™®, Ekaterina V. Mironova®, Robert R. Fayzullin®, Igor A. Litvinov®, Sergey V. Efimov‘, Rashid
Z. Musin®, Vladimir V. Klochkov®, Vladimir F. Mironov**"

“Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of Russian Academy of Sciences, Arbuzov str. 8, 420088 Kazan, Russian
Federation. E-mail: mironov@iopc.ru
b4 M.Butlerov Institute of Chemistry, Kazan Federal University, Kremlevskaya str. 18, 420008 Kazan, Russian Federation
“Institute of Physics, Kazan Federal University, Kremlevskaya str. 18, 420008 Kazan, Russian Federation

Figures of NMR Spectra of Compounds 15, 16, 18 and IR Spectrum of Compound 15.

S149



0L8IS
Y6STS
60°¢ES

o
i p s S i S e e
Dbt =2 =lar l=a =T o LT ¢ T el Tit] oy
Ll S et D e i e i
~r~r-r-e-e- - unun e
e e Y e e o e e o o o

Tr'Tl6t

a

6L'BIS
1) 74 —
60°€ES

LS'€66T
60°100€

68°800¢

20°910€
SPESO0E

6L°090€

LEL8PI

—L80°T |
M | -
L e V]
== - 3
— <
(=]
L -
-t
] -
= ==
-f
_ _ I s 7 4 4 g
: L
_ =
i}
-
=
=}
m 3
[—]
L ~
Tk
)
.~
)
2
J » 2
— I
1,
<«
-
e ——
J -
S
oD
_Twoﬁ:

11.0 10.0 9.0 8.0 7.0 6.0
Figure S128. "H NMR spectrum (400 MHz, CDCl3, 25°C) of hydroxy trifluoroketone (15).

13.0

T

3.0 2.0 1.0

4.0

5.0

12.0

S150



—-78.8284

T

T r—SIG’ l -58 -60 -E:ZI I-6I4I I-6Iﬁl .-GIS. I-'T:OI l .-7'2I [ I-TI4‘
Figure S129. PF NMR spectrum (376.4 MHz, CDCl3, 25°C) of hydroxy trifluoroketone (15).

-76 -78 -80 -82 -84

S151



-79.3106

o -5 -0 -15 20 -25 30 -35 40 45 50 55 60 65 -70 -75 -80 -85 90 95
Figure S130. "’F NMR spectrum (376.4 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S152



POET']
WPT'1
80sT’1

PLOS'L _
960S°'L |
NIE’L
CTIS'L ]
8LIS'L
S8IC’L
10TS'L

o en
agl g b
[ lonla)
I-f'!l.ﬂlﬂ
[l il s

1 0} -

95898

69'SL8

€V'SS9T
L6'TLIT —
99°689C _
0TLOLT

IL00E —

€TYI0E

€V IT0€ —

958708

3.80

3.85

4.30

4.32

ILAREI |

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
Figure S131. "H NMR spectrum (700 MHz, acetone-d, 25°C) of hydroxy trifluoroketone (15).

2.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

10.0

S153



—
=
ol

een
el
o
WINAONIMDO MO AV
N N N L N N N R o o

enen
[=alag]
o1

-
-—
e

Ay
271 Lroves
€759°L % OF IHES

pLTPES

0€°LPES
P6'LYES =

5.%%\
isosee 7
LO'SSES
679568
8s-Loce -

LI'9STS
figEe
N
P6°€97S \_

€0°S975 =

1e6LTe
Sviee |

L7198
P6EI9S

9I'SI9S \ —

pL'S108 =
WLI9S

Th'Teos /-
1L'€79S /"
1€°679S /"~

7.635

7.650

7.520

0Lv0°l

[ea3ayu)

8.00 7.96 7.92 7.88 7.84 7.80 7.76 7.72 7.68 7.64 7.60 7.56 7.52 7.48

8.04

Figure S132. Aromatic region of 'H NMR spectrum (700 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S154



9zIe el

0690°1¥ —

SV69°79 —

979€"SL W.
ISTS'SL
1989°SL

r06T'891

0TTE P61 —

9L90PIT

PIe69IT .

€S°6L61T —

16'S9TTT

01'6£TEl —
eV LITEl
P0'967€1

LEYTIEET

———————

75.2

75.6

i

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

Figure S133. °C-{'H} NMR spectrum (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

200

S155



PO LOVIT

08:001L . 7.°80¥1T "\

oS
et

EPTEL
"€9TEL

—p—
Il
[l
een
o
L1

09°16917
76917
676917 —

P8'LL6IT

122.0

123.0

gS6L6lT [

WIS W00 = OO W SN [~ 00 v
Larla =R =g =l =l gl ol —tapT—T el etk T 1 T L

T6°6LVTT |
SHZ8PIT |
66°€8YTC |
6E'S8YTT |
€098S7C |
CL'88STC |
8506577 |
897657 |

$9°76977 |
09°S€977 |
T'LE9TT |
968977 |
LE0VOTT |

SL'TPITT |

1718617

80°Y97C7
16'S97C7 7

ST00€ET

Weseet 7=
LL'STEET

168.30

125.0 124.0

126.0

08°001L — —

S88TTL .
€TICIL /

A A —

_

41.0 40.5

41.5

75.4 75.2

75.6

.
19 0VTvE

BI'SYTVE /~

LE0STPE _—
98'PeTreE —

LN N B L L L L L N L L L L L L L L

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

190
Figure S134. >C NMR spectrum (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S156



—11193.19
—11188.56
T 11184.07
T 11179.58
T 11044.11
— 7 11039.48
— 7 11034.99
—11030.50
~10895.02
— 10890.40
~10885.91
~10881.42

63.6 63.5 63.4 63.3 63.2 63.1 63.0 62.9 62.8 62.7 62.6 62.5 62.4 62.3 62.2 62.1 62.0 61.9 61.8
o OIS to0c =i
e e e M\
-t S AR~ i eAoy
e e == oor-~ W=
e =t ol o
AN A i iz

144 143 142 ]41 140 139 138 13'? 136 135 134 133 132 131 130 129 128 127 126 125 124 123 12.2
Figure S135. High-field regions of *C NMR spectrum (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S157



§ |H| '

TTT T T TrTT L L e I i I N N R e N R SRS EEEEEEEEEE e

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Figure S136. °C-{'H} and °C NMR spectra (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S158



-
==
=
.

1685 1684 1683 1682 1947 1946 1945 1944 1363 1362 1361 75.7 75.6 755 754 753 752 751

Figure S137. Fragments of *C-{'H} and *C NMR spectra (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).

S159



640 635 630 2.5 620 2.0 1.5 1.0 0.5 4.5 140 3.5 130

Figure S138. Fragments of *C-{'H} and "*C NMR spectra (176.5 MHz, acetone-ds, 25°C) of hydroxy trifluoroketone (15).
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Figure S146. Fragment of BC NMR spectra (176.5 MHz, acetone-dg, 25°C) of phosphonates (16) and (18) mixture.
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Figure S147. Fragments of *C-{'H} and '*C NMR spectra (176.5 MHz, acetone-ds, 25°C) of phosphonates (16) and (18) mixture.
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Figure S148. Fragments of °C-{'H} and '*C NMR spectra (176.5 MHz, acetone-ds, 25°C) of phosphonates (16) and (18) mixture.
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Figure S149. Fragments of 13C-{ 1H} and °C NMR spectra (100.6 MHz, CDCl3, 25°C) of phosphonates (16) and (18) mixture.

S171



Electronic supplementary information 8
Spectral data

Organic Chemistry Frontiers. 2018

Tandem dihetero-Diels-Alder and Huisgen cycloaddition reactions. Synthesis, structure and hydrolysis of the novel cage
phosphoranes based on 2-(1-phenylethenyloxy)benzo-1,3,2-dioxaphosphole

Nadezhda R. Khasiyatullina™®, Tamara A. Baronova™®, Ekaterina V. Mironova®, Robert R. Fayzullin®, Igor A. Litvinov®, Sergey V. Efimov‘, Rashid
Z. Musin®, Vladimir V. Klochkov®, Vladimir F. Mironov**"

“Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of Russian Academy of Sciences, Arbuzov str. 8, 420088 Kazan, Russian
Federation. E-mail: mironov@iopc.ru
b4 M.Butlerov Institute of Chemistry, Kazan Federal University, Kremlevskaya str. 18, 420008 Kazan, Russian Federation
“Institute of Physics, Kazan Federal University, Kremlevskaya str. 18, 420008 Kazan, Russian Federation

Figures of NMR Spectra of Compounds 21-23.

S172



TSI TR -SSR
NSO = = QO NS = OO
LI WO O = OO~
== O ONSNSNONONOCOD -

OSSO \S \SNSNS NS NSNS

I_I_I_E_I_I_I_LLL_EEE!

—10.9632
~6.3796

(30 7 1= [ [y —T— 1T o1~ -] r~eer-\ee
e e b e BT LS Lt AT
o Sy — ) N v O B N OD =N,
-t NS b ALl ] SoChNONGD
(V=] unun WO =F v v vk =t = =fenenen
lag] enen larlaglarlorlorlorlos] trenenenen

T T 2254.06
224297

- s @

L]

It e m ol ]

[aslarlarlarloa[o]

RERSS

T 637.54

T 630.22
62290

J 4.50 3.05  3.00

= 128 1.4

: : : |

= |

730 720 710  7.00 690 680 } ” J
_,._E i 4_JL
=

120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0

Figure S150. "H NMR spectrum (500 MHz, CDCl3, 25°C) of phosphonate (21).

S173



11.5799

- — —12564.39
2553220

R L L B LR LR T T T T T -
11.8 11.6 11.4 12.8 12.4

180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O -10 -20 -30 -40
Figure S151.°'P-{'H} and *'P NMR spectra (202.5 MHz, CDCl3, 25°C) of phosphonate (21).
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Figure S153. Fragment of °C NMR spectrum (100.6 MHz, DMSO-dg, 25°C) of phosphonate (21).
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Figure S154. Fragments of *C-{'H} and '>C NMR spectra (100.6 MHz, DMSO-ds, 25°C) of phosphonate (21).
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Figure S155. 117-125 ppm regions of >C-{'H} and ">C NMR spectra (100.6 MHz, DMSO-ds, 25°C) of phosphonate (21).
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Figure S156. Fragments of >C-{'H} and ">C NMR spectra (100.6 MHz, DMSO-dg, 25°C) of phosphonate (21).
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Figure S157. Fragments of >C-{'"H} and ">C-{'H} dept NMR spectra (100.6 MHz, DMSO-ds, 25°C) of phosphonate (21).
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Figure S158. "H NMR spectrum (400 MHz, CDCl3, 25°C) of hydroxy trichloroketone (22).
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Figure $159. C-{'"H} NMR spectrum (100.6 MHz, CDCl3, 25°C) of hydroxy trichloroketone (22).
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Figure S160. BC NMR spectrum (100.6 MHz, CDCl3, 25°C) of hydroxy trichloroketone (22).
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Figure S161. 127-130 ppm region of *C NMR spectrum (100.6 MHz, CDCl3, 25°C) of hydroxy trichloroketone (22).
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Figure S162. *C-{'H} and "*C-{'"H} NMR spectra (100.6 MHz, CDCls, 25°C) of hydroxy trichloroketone (22).
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Figure S163. °C-{'H} and "*C NMR spectra (100.6 MHz, CDCls, 25°C) of hydroxy trichloroketone (22).
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Figure S164. Fragments of °C-{'H} and '*C NMR spectra (100.6 MHz, CDCls, 25°C) of hydroxy trichloroketone (22).
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Figure S165. "H NMR spectrum (400 MHz, CDCl3, 25°C) of unsaturated trichloroketone (23).
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Figure S166. Bc-{'H} NMR spectrum (100.6 MHz, CDCl3, 25°C) of unsaturated trichloroketone (23).
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Figure S167. BC NMR spectrum (100.6 MHz, CDCl3, 25°C) of unsaturated trichloroketone (23).
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Figure S168. °C-{'H} and "*C NMR spectra (100.6 MHz, CDCls, 25°C) of unsaturated trichloroketone (23).
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Figure S169. Fragments of *C-{'"H} and >C NMR spectra (100.6 MHz, CDCl3, 25°C) of unsaturated trichloroketone (23).
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