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1. General Information

All reactions were conducted in flame-dried glassware under argon atmosphere or
inside of the glovebox. Reactions were set up using standard Schlenk technique with a glass
vacuum manifold connected to an inlet of dry argon gas. Tetrahydrofuran (THF), methylene
chloride (DCM), acetonitrile (CH3CN) were purified using a MBraun SPS solvent purification
system by purging with nitrogen then stocked in a rotaflow with the activated molecular sieves
and degassed in prior to use. 1,2-Dimethoxyethane (DME) and dioxane were purchased from
TCI Chemical and distilled over sodium/benzophenone, degassed before using. Other solvents
were purchased as anhydrous and used as received.

[Na(OCP)](dioxane)x was prepared by using published method. All the electrophiles
were synthesized according to described method in references.>* The phosphonium were
prepared following procedure described before.®> All others reagents were purchased from
Sigma Aldrich, TCI Chemical or Thermo Fisher Scientific and used without further
purification.

'H NMR spectra were recorded on Bruker 600 Hz, 500 MHz or 300 MHz spectrometer.
Chemical shifts are reported in parts per million (ppm) and the spectra are calibrated to the
resonance resulting from incomplete deuteration of the solvent (Chloroform-d: 7.26 ppm;
Methylene Chloride-dz: 5.32 ppm; Tetrahydrofuran-ds: 3.58 ppm and 1.73 ppm). *3C DEPT or
Jmod NMR spectra were recorded on the same spectrometers with complete proton decoupling.
Chemical shifts are reported in ppm with the solvent resonance as the internal standard
(Chloroform-d: 77.12 ppm; Methylene Chloride-d>: 53.84 ppm; Tetrahydrofuran-ds: 67.57
ppm and 25.37 ppm. Data are reported using the abbreviations: s = singlet, d = doublet, t =
triplet, g = quartet, p = pentet, h = hextet, m = multiplet, br = broad. Coupling constant(s) are
reported in Hz. 3P NMR spectra and ®F NMR spectra were recorded on the same
spectrometers as above. H-COSY, HSQC and HMBC were used where appropriate to
facilitate structural determination.

High resolution mass spectrometry data (HRMS) were obtained on an Agilent 6230
TOF LC/MS equipped with ESI detector in positive mode and on Micromass AutoSpec Ultima
Magnetic Sector instrument with EI detector in positive mode.

2. Synthesis of sodium phosphaethynolate [Na(OCP)](dioxane)x

To a 500 mL schlenk flask, red phosphorus (3.5 g, 0.110 mol) and naphthalene (0.75 g,
0.006 mol) was added inside the glovebox. The schlenk flask was then removed from glovebox
and flushed three times with argon and subsequently added DME (160 mL) via syringe. To this

suspension, sodium cube (8.0 g, 0.35 mol) was cut as small as possible under argon flux. The
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mixture was stirred at room temperature for at least 12 hours. The resulting black suspension
was cooled with an ice bath and tert-butanol (21 mL, 0.22 mol) was added dropwise via a
syringe. Subsequently the reaction mixture was allowed to warmed up to room temperature
and stirred for another 1 hour. After that, a solution of ethylene carbonate (10.0 g, 0.12 mol) in
DME (50 mL) was added slowly at 0°C. Once the addition is completed, the suspension was
stirred at room temperature overnight. The next day, the solvent was removed under vacuum,
the remaining solid was dissolved in THF (500 mL) and filtered over Celite® under argon
atmosphere. The resulting light-yellow filtrate was concentrated to 20 mL approximately. To
this concentrated solution, dioxane (20 mL) was added, resulting the precipitation of colorless
product as sodium phosphaethynolate [Na(OCP)](dioxane)x. (where x =1 — 2.5, determined by
'H NMR using naphthalene as standard) which was collected by filtration and washed with
dioxane. The raw product was recrystallized in THF-Dioxane to give pure product in good

agreement with literature.!

DME, rt t-BuOH
3Na(s) + Pqg —»  NaP —— 3 NaPH,

-2 (t-BuONa)
(o}

Na,(OCH,CH,0) o)J\o

Dioxane
Na(OCP).(dioxane), 5 - Na(OCP)

Scheme 1. Synthesis of sodium phosphaethynolate [Na(OCP)](dioxane)x

3. Product synthesis

® CH,CI,/THF (1/1) ._? H,0, ._P
+ NaOCP :/
+ 0.5 equiv. H,0
1 12

Scheme 2. Product synthesis

3.1.General Procedure A

To a stirred solution of benzhydrylium cation (1.0 equiv., 102 M) in CH2Cl, under
argon at room temperature, was added dropwise a solution of [Na(OCP)](dioxane)x (1.2 equiv.,
102 M) in THF contains 0.5 equiv. of water. The reaction mixture was allowed to stir for 2
hours then the solvent was removed under reduced pressure. The obtained residue was partially

dissolved in CH.Cl, and filtered off to give a yellow solution as the crude product which was
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then purified by column chromatography using pentane/ ethyl acetate (7/3) as eluent to give
desired product.
3.2.  General Procedure B

To a stirred solution of benzhydrol (1.0 equiv., 10 M) in CH,Cl, under argon at -60
°C, was added dropwise a solution of HBF4.Et2O (1.2 equiv.). After 5 minutes, the solution of
[Na(OCP)](dioxane)x (1.2 equiv., 102 M) in THF (contains 0.5 equiv. of water) was added
dropwise at -60 °C. The reaction mixture was allowed to stir for 3 hours before adding dropwise
solution hydrogen peroxide 35% in water (5.0 equiv.). After stirring for another 1 hour at rt,
the reaction mixture was washed with water then with brine solution. The aqueous phase was
extracted with CH.Cl; (3x). Then the combined organic layers were dried with Na,SO4 and the
solvent was evaporated under reduced pressure. The crude products were purified by column
chromatography using petroleum ether/ ethyl acetate (5/5) as eluent to give desired product.
3.3.  General Procedure C

To a solution of benzhydrylium cation (1.0 equiv., 102 M) in CH2Cly, a solution of
[Na(OCP)](dioxane)x] (1.2 equiv., 102 M) in THF (contains 0.5 equiv. of water) was added
dropwise under argon at room temperature. The reaction mixture was stirred at room
temperature for 3 hours before adding dropwise solution hydrogen peroxide 35% in water (5.0
equiv.). After stirring for another 1 hour, the reaction mixture was washed with water and then
with brine solution. The aqueous phase was extracted with CH.Cl, (3x). Then the combined
organic layers were dried with Na2SO4 and the solvent was evaporated under reduced pressure.
The crude products were purified by column chromatography using petroleum ether/ ethyl
acetate (5/5) as eluent to give desired product.

4. Preparation of phosphines 11-12

NMez
O P-H
&,

Q

NMez

Me2N

MezN

11e, 70%
Following general procedure A using tetrafluoroborate of 1e (0.20 mmol, 68.0 mg, 1.0
equiv.), [Na(OCP)](dioxane)2s (0.24 mmol, 72.5 mg, 1.2 equiv.), and H>O (0.10 mmol, 1.8
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mg) in 10 mL THF/CHCI; (1/1), purifying via silica column chromatography using pentane /
ethyl acetate (7/3) as eluent gave product 11e in 70% yield as a white solid.

3P NMR (121 MHz, Chloroform-d) & -22.3 (d, J = 201.5 Hz).

31P{H} NMR (121 MHz, Chloroform-d) § -22.5 (s).

'H NMR (300 MHz, Chloroform-d) § 7.16 (d, J = 6 Hz, 4H), 7.08 (d, J = 6 Hz, 4H), 6.67 (d,
J=3.2 Hz, 4H), 6.64 (d, J = 3.2 Hz, 4H), 4.20 and 3.53 (td, J = 201.5, 7.6 Hz, 1H), 3.92 (dd,
J=17.7,2.2Hz, 2H), 2.90 (s, 12H), 2.90 (s, 12H).

JMOD 3C NMR (75 MHz, Chloroform-d) & 149.2, 149.0, 132.2 (d, J = 2.5 Hz), 130.9(d, J =
12.4 Hz), 129.4 (d, J =9.9 Hz,), 129.0 (d, J = 3.6 Hz), 113.0, 43.8, 43.6, 41.0, 40.9.

HRMS (ESI) m/z calcd for CzsHaaNsP (M+H)" : 539.3304, found : 539.3286

OMe

MeO
g
P\
H
MeO
OMe
12a,19%
Following general procedure B using 4,4-dimethoxybenzhydrol (0.20 mmol, 50 mg,
1.0 equiv.), HBF4 (0.24 mmol, 38.8 mg, 1.2 equiv.), [Na(OCP)](dioxane)2s (0.24 mmol, 72.5
mg, 1.2 equiv.) and H20 (0.10 mmol, 1.8 mg) in 10 mL THF/CH2CI> (1/1) in 10 mL

THF/CH2Cl; (1/1), purifying via silica column chromatography using pentane / ethyl acetate
(7/3 to 5/5) as eluent gave product 12a by 19% yield as a white solid.

3P NMR (162 MHz, Methylene Chloride-d2) & 41.1 (dt, J = 460.8, 14.4 Hz).

31P{H} NMR (162 MHz, Methylene Chloride-dz) & 41.1 (s).

'H NMR (500 MHz, Methylene Chloride-dy) & 7.24 (dt, J = 460.8 Hz, 3.3 Hz, 1H), 7.30 (d, J
= 8.7 Hz, 4H), 7.16 (dd, J = 8.7, 1.5 Hz, 4H), 6.91 — 6.82 (m, 8H), 4.00 (d, J = 3.4 Hz, 1H),
3.98 (d, J = 3.4 Hz, 1H), 3.79 (s, 12H).

JMOD 3C NMR (126 MHz, Methylene Chloride-d>) § 159.5 (d, J = 2.2 Hz), 159.4 (d, J= 1.5
Hz), 131.0 (d, J = 6.9 Hz), 130.4 (d, J = 6.7 Hz), 129.5 (d, J = 2.8 Hz), 128.5 (d, J = 4.6 Hz),
114.8 (d, J = 1.6 Hz), 114.5, 55.7 (d, J = 4.7 Hz), 49.3, 48.9.

HRMS (DCI) m/z calcd for C3oH310sP (M)* : 502.1909, found : 502.1922
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13a, 57%

Following general procedure B using 4,4-dimethoxybenzhydrol (0.20 mmol, 50.0 mg,
1.0 equiv.), HBF4 (0.24 mmol, 38.8 mg, 1.2 eq), [Na(OCP)](dioxane)zs (0.24 mmol, 72.5 mg,
1.2 equiv.) and H20 (0.10 mmol, 1.8 mg) in 10 mL THF/CHCl. (1/1), purifying via silica
column chromatography using pentane / ethyl acetate (7/3 to 5/5) as eluent gave product 13a
by 57% vyield as a white solid.
3P NMR (162 MHz, Methylene Chloride-d2) 6 46.2 (q, J = 12.0 Hz).
31p{H} NMR (162 MHz, Methylene Chloride-d,) & 46.2 (s).
'H NMR (500 MHz, Methylene Chloride-dz) & 7.09 (d, J = 10.0 Hz, 12H), 6.57 (d, J =10.0
Hz, 12H), 4.23 (d, J = 10.0 Hz, 3H), 3.72 (s, 18H).
JMOD BC NMR (126 MHz, Methylene Chloride-d) 6 158.5, 131.1 (d, J = 3.3 Hz), 130.7 (d,
J=5.7Hz), 113.9, 55.4, 52.5 (d, J = 55.7 Hz).
HRMS (ESI) m/z calcd for CasHasO7P (M+H)" : 729.2981, found : 729.3049

12b, 11%

Following general procedure C using tropylium tetrafluoroborate 1b (0.20 mmol, 35.5
mg, 1.0 equiv.), [Na(OCP)](dioxane)2s (0.24 mmol, 72.5 mg, 1.2 equiv.), H20O (0.10 mmol,
1.8 mg) in 10 mL THF/CHClI. (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via
silica column chromatography using petroleum ether / ethyl acetate (6/4) as eluent gave product
12b by 11% yield as a white solid.

31p NMR (121 MHz) § 23.2 (dg, J = 482.9, 11.4 Hz).
31P{H} NMR (121 MHz, Chloroform-d) & 23.2 (s).
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IH NMR (300 MHz, Chloroform-d) & 6.99 (dt, J = 482.9, 4.2 Hz, 1H), 6.68 — 6.48 (m, 4H),
6.43 (dd, J = 9.7, 5.7 Hz, 2H), 6.32 (dd, J = 9.5, 5.7 Hz, 2H), 5.48 (dt, J = 9.7, 7.5 Hz, 2H),
5.37 —5.19 (dt, J = 9.7, 7.5 Hz, 2H), 2.76 (dtd, J = 11.9, 7.5, 4.2 Hz, 2H).

JMOD BC NMR (75 MHz, Chloroform-d) & 131.5 (d, J = 54.3 Hz), 129.3 (d, J = 3.4 Hz),
129.2 (d, J = 2.4 Hz), 116.4 (d, J = 1.9 Hz), 116.1 (d, J = 5.1 Hz), 38.7 (d, J = 69.2 Hz).
HRMS (DCI) m/z calcd for C14H160P (M+H)* : 231.0939, found : 231.0944

(o]
11
QT 0
13b, 32%
Following general procedure C using tropylium tetrafluoroborate 1b (0.20 mmol, 35.5
mg, 1.0 equiv.), [Na(OCP)](dioxane)2 (0.24 mmol, 72.5 mg, 1.2 equiv.), H20 (0.10 mmol, 1.8
mg) in 10 mL THF/CHCI> (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.) purifying via silica

column chromatography using petroleum ether / ethyl acetate (6/4) as eluent gave product 13b
by 32% vyield as a white solid.

3P NMR (202 MHz, Methylene Chloride-d,) & 45.5 (m).

31P{H} NMR (202 MHz, Methylene Chloride-dy) & 45.4 (s).

'H NMR (500 MHz, Methylene Chloride-d,) & 6.58 (dd, J = 4.0, 2.7 Hz, 6H), 6.35 — 6.32 (m,
6H), 5.14 (ddd, J = 10.5, 8.5, 6.5 Hz, 6H), 2.03 (g, J = 6.6 Hz, 3H).

JMOD 3C NMR (126 MHz, Methylene Chloride-dz) & 130.5, 128.1 (d, J = 12.0 Hz), 106.2
(d, J = 1.9 Hz), 36.2 (d, J = 74.1 Hz).

HRMS (DCI) m/z calcd for C21H22OP (M+H)™ : 321.1408, found : 321.1394

I—7Tu=

CF3 Me/
12¢c, 67%
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Following general procedure C using tetrafluoroborate of 1c¢ (0.20 mmol, 95.2 mg, 1.0
equiv.), [Na(OCP)](dioxane)..5 (0.24 mmol, 72.5 mg, 1.2 equiv.), H20 (0.10 mmol, 1.8 mg) in
10 mL THF/CH2CI; (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via silica
column chromatography using petroleum ether / ethyl acetate (6/4) as eluent gave product 12c
by 67 % yield as a white solid.
3P NMR (202 MHz, Methylene Chloride-d2) 6 41.2 (dt, J = 457.1, 14.1 Hz).
31P{H} NMR (202 MHz, Methylene Chloride-d2) & 41.2 (s).

F NMR (471 MHz, Methylene Chloride-d2) § -70.9 (dt; J = 19.1, 8.9 Hz).

'H NMR (500 MHz, Methylene Chloride-d2) & 7.21 (dt, J = 457.1, 3.3 Hz, 1H), 7.26 (dd, J =
8.9, 1.4 Hz, 4H), 7.13 (dd, J = 8.9, 1.4 Hz, 4H), 6.78 — 6.74 (m, 8H), 3.95 (d, J = 3.4 Hz, 1H),
3.92 (d, J=3.2 Hz, 1H), 3.88 (qd, J = 9.1, 1.9 Hz, 8H), 3.03 (s, 12H).

JMOD BC NMR (126 MHz, Methylene Chloride-dz) & 148.4 (d, J = 2.0 Hz), 148.2, 130.7 (d,
J=6.8 Hz), 130.1 (d, J = 6.5 Hz), 129.5 (d, J = 4.6 Hz), 127.3 (dd, J = 5.7, 3.7 Hz), 126.2 (d,
J=4.6 Hz), 125.0 (d, J = 4.8 Hz), 122.8 (d, J = 4.7 Hz), 113.4, 113.2, 55.1 — 54.0 (m), 49.1,
48.6, 39.5 (d, J = 2.7 Hz), 30.1.

HRMS (DCI) m/z calcd for CagHaoF12N4OP (M+H)* : 827.2748, found : 827.2770

Q J
)

2
O D

12f, 72%

I—7T=

99e

Following general procedure C using tetrafluoroborate of 1f (0.20 mmol, 78.5 mg, 1.0
equiv.), [Na(OCP)](dioxane)2s (0.24 mmol, 72.5 mg, 1.2 equiv.), H2O (0.10 mmol, 1.8 mg) in
10 mL THF/CHCI; (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via silica
column chromatography using petroleum ether / ethyl acetate (3/7) as eluent gave product 12f

by 72 % yield as a white solid.

3P NMR (202 MHz, Methylene Chloride-d2) & 43.0 (dt, J = 452.6, 14.6 Hz).
31P{H} NMR (202 MHz, Methylene Chloride-dz) & 43.0 (s).
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IH NMR (500 MHz, Methylene Chloride-ds) 8 7.15 (dt, J = 452.6, 3.6 Hz, 1H), 7.21 (d, J =
8.3 Hz, 4H), 7.05 (d, J = 8.3 Hz, 4H), 6.53 — 6.50 (m, 8H), 3.90 (d, J = 3.6 Hz, 1H), 3.87 (d, J
= 3.6 Hz, 1H), 3.27 — 3.24 (m, 16H), 2.11 — 1.85 (m, 16H).

JMOD 3C NMR (126 MHz, Methylene Chloride-dy) 8 147.7 (d, J = 1.38 Hz), 147.6, 130.6
(d, J=6.8 Hz), 130.0 (d, J = 6.4 Hz), 124.7 (d, J = 2.3 Hz), 123.7 (d, J = 4.3 Hz), 112.3, 112.1,
48.9, 48.8, 48.1, 25.8.

HRMS (DCI) m/z calcd for Cs2Hs:N,OP (M)* : 658.3808, found : 658.3801

Me—N N—Me

. §2
YA

Me—N N—Me

12g, 55%

Following general procedure C using tetrafluoroborate of 1g (0.20 mmol, 78.5 mg, 1.0
equiv.), [Na(OCP)](dioxane)..s (0.24 mmol, 72.5 mg, 1.2 equiv.), H20 (0.10 mmol, 1.8 mg) in
10 mL THF/CHCI; (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via silica
column chromatography using petroleum ether / ethyl acetate (3/7) as eluent gave product 12g
by 55 % vyield as a white solid.

3P NMR (202 MHz, Methylene Chloride-d2) 5 42.1 (dt, J = 451.9, 14.5 Hz).

31P{H} NMR (202 MHz, Methylene Chloride-d>) & 42.1 (s).

IH NMR (500 MHz, Methylene Chloride-d,) & 7.14 (dt, J = 451.9, 3.5 Hz, 1H), 7.07 (dt, J =
8.7, 1.7 Hz, 2H), 6.92 (dt, J = 8.4, 1.9 Hz, 2H), 6.87 (d, J = 1.3 Hz, 2H), 6.74 (d, J = 1.2 Hz,
2H), 6.52 (t, J = 8.0 Hz, 4H), 3.79 (d, J = 3.5 Hz, 1H), 3.76 (d, J = 3.5 Hz, 1H), 3.28 — 3.10 (m,
8H), 2.86 (d, J = 4.0 Hz, 12H), 2.71 (q, J = 7.0 Hz, 8H), 1.95 (m, 8H).

JMOD 3C NMR (126 MHz, Methylene Chloride-d2) § 146.4 (d, J = 1.7 Hz), 146.3, 130.3 (d,
J=7.2Hz),129.7 (d, J = 6.7 Hz), 128.3 (d, J = 6.8 Hz), 127.6 (d, J = 6.4 Hz), 125.7 (d, J = 2.5
Hz), 124.6 (d, J =4.2 Hz), 123.6, 123.4, 111.4, 111.3,51.6 (d, J = 5.9 Hz), 49.2, 48.7, 39.3 (d,
J=4.0Hz),28.2,22.9(d, J=7.1 Hz).

HRMS (DCI) m/z calcd for C42Hs:N4OP (M)* : 658.3801, found : 658.3774

S8



N N
7 4§29

12i, 85%

Following general procedure C using tetrafluoroborate of 1i (0.20 mmol, 89.0 mg, 1.0
equiv.), [Na(OCP)](dioxane)..5 (0.24 mmol, 72.5 mg, 1.2 equiv.), H20 (0.10 mmol, 1.8 mg) in
10 mL THF/CH:CI; (1/1) and H20> (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via silica
column chromatography using petroleum ether / ethyl acetate (3/7) as eluent gave product 12i

by 85 % yield as a white solid.

3P NMR (243 MHz, Methylene Chloride-d2) & 42.0 (dt, J = 450.8, 14.6 Hz).

31p{H} NMR (243 MHz, Methylene Chloride-d,) & 42.0 (s).

IH NMR (600 MHz, Methylene Chloride-dz) & 7.09 (dt, J = 450.8, 3.5 Hz, 1H), 6.71 (s, 4H),
6.59 (s, 4H), 3.66 (d, J = 3.5 Hz, 1H), 3.64 (d, J = 3.5 Hz, 1H), 3.11 (ddd, J = 7.0, 5.3, 2.3 Hz,
16H), 2.70 (dt, J = 12.5, 6.5 Hz, 16H), 1.94 (h, J = 6.0 Hz, 16H).

JMOD 3C NMR (151 MHz, Methylene Chloride-dy) § 142.4 (d, J = 1.9 Hz), 142.3, 128.2 (d,
J=7.0Hz), 127.5 (d, J = 6.4 Hz), 125.5 (d, J = 2.3 Hz), 124.3 (d, J = 4.4 Hz), 122.2, 122.0,
50.4 (d, J=7.5Hz), 49.3,48.9, 28.1, 22.6 (d, J = 10.1 Hz).

HRMS (DCI) m/z calcd for CsoHsgN4OP (M)* : 762.4427, found : 762.4393

il

N

12j,78%
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Following general procedure C using tetrafluoroborate of 1j (0.20 mmol, 83.3 mg, 1.0
equiv.), [Na(OCP)](dioxane)..5 (0.24 mmol, 72.5 mg, 1.2 equiv.), H20 (0.10 mmol, 1.8 mg) in
10 mL THF/CH2CI; (1/1) and H202 (1.0 mmol, 34.0 mg, 5.0 equiv.), purifying via silica
column chromatography using petroleum ether / ethyl acetate (3/7) as eluent gave product 12j

by 78 % yield as a white solid.

31p NMR (202 MHz, Methylene Chloride-d,) & 42.6 (dt, J = 451.6, 14.5 Hz).

31P{H} NMR (202 MHz, Methylene Chloride-d;) & 42.6 (s).

IH NMR (300 MHz, Methylene Chloride-dz) & 7.16 (dt, J = 451.6, 3.4 Hz, 1H), 6.92 (s, 2H),
6.79 (s, 2H), 6.74 (s, 2H), 6.62 (s, 2H), 3.80 (dd, J = 14.5, 3.4 Hz, 2H), 3.22 (td, J = 6.0, 1.4
Hz, 8H), 2.96 — 2.92 (m, 8H), 2.87 — 2.81 (M, 8H), 2.62 (M, 8H), 2.04 (m, 8H).

JMOD 3C NMR (126 MHz, Methylene Chloride-dz) § 149.8 (d, J = 2.0 Hz), 149.6, 129.7,
129.4,128.6 (d, J = 2.5 Hz), 127.8 (d, J = 7.6 Hz), 127.4 (d, J = 4.2 Hz), 127.2 (d, J = 7.0 H2),
123.5(d, J=6.9 Hz), 122.8 (d, J = 6.5 Hz), 119.8, 119.7, 55.6 (d, J = 4.0 Hz), 50.6, 50.1, 47.7
(d, J=9.5Hz), 29.1 (d, J = 5.7 Hz), 24.4 (d, J = 2.6 Hz), 23.6 (d, J = 7.3 H2).

HRMS (DCI) m/z calcd for CssHs1N4OP (M)* : 706.3801, found : 706.3788

5. Preparation of intermediates 2e and 3e

S
o=<(;\Fo
Me,N G P § NMe,

I Q

Me,N NMe,
2e

4,4-dimethylaminobenzhydrylium tetrafluoroborate 1e (0.075 mmol, 25.5 mg, 1.0
equiv.) and CD.Cl; (250 pL) was successively added into a screwed cap NMR tube and filled
with argon. When 1e was completely dissolved, the NMR tube was then cooled to -60°C. After
that, a solution of [Na(OCP)](dioxane)2s (0.09 mmol, 27.2 mg, 1.2 equiv.) in THF-dg (250 pL)
was added to the NMR tube and kept at this temperature for 2 minutes. Gently shake the NMR
tube without removing it of the cold bath. Monitored the NMR at -60°C. The results obtained

in good agreement with literature (see S80 — S85).8

31P{H} NMR (162 MHz, THF-dg and methylene chloride-d2) & 341.8 (d, J = 36.7 Hz), 121.2
(d, J =37.1 Hz).
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'H NMR (400 MHz, THF-dg and methylene chloride-d;) & 7.05 (d, J = 8.2 Hz, 8H), 6.63 (d, J
= 8.2 Hz, 8H), 4.40 (d, J = 14.4 Hz, 2H), 2.89 (s, 24H).

JMOD 3C NMR (101 MHz, THF-ds and methylene chloride-d.) § 207.4 (dd, J = 62.3, 19.9
Hz), 150.3, 130.7, 121.3, 112.7,51.0 (d, J = 12.8 Hz), 40.7.

Compound 3e was observed by NMR studies when the NMR tube contained compound

2e was warmed up to -20°C for 15 minutes.

(o}

=0=

P

0=
Me,N 0 P § NMe,
SAW

Me,N NMe,

3e

31P{H} NMR (162 MHz, THF-ds) 5 21.2 (d, J = 167.8 Hz), -276.2 (d, J = 167.4 Hz).

6. Preparation of 10b

Me Me
© "Pr’N\/N"Pr Pr @
o= YL
9k

Scheme 3. Preparation of 10b

To a stirred solution of tropylium tetrafluoroborate 1b (1.00 mmol, 177.9 mg, 1.0
equiv.) in dry CHxCIl> (5 mL) under argon at -80°C, was added dropwise a solution of
[Na(OCP)](dioxane)25 (1.20 mmol, 362.4 mg, 1.2 equiv.) in dry THF (5 mL) . The reaction
mixture was allowed to stir for 15 minutes then followed by adding dropwise the solution of
carbene 9 (3.00 mmol, 540.5 mg, 3.0 equiv.) in CH2Cl> (5 mL). The resulting mixture was
stirred for an additional 30 minutes at -80°C then slowly warmed up to room temperature over
1 hour. After the reaction completed as monitored by 3P NMR, the solvent was removed under
vacuo and the residue was washed with pentane (10 mL) and extracted with diethyl ether (20

mL) to remove the maximum of sodium tetrafluoroborate. The crude of reaction was
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recrystallized in CH2Cl./pentane to give red crystals of 10b which was then identified by X-

ray diffraction.

31P{H} NMR (121 MHz, CD2Cl) & 95.5 (s).

3P NMR (121 MHz, Methylene Chloride-d2) 6 95.50 (g, J = 5.3 Hz).

IH NMR (300 MHz, Methylene Chloride-dz) § 6.36 (t, J = 3.4 Hz, 2H), 6.07 — 5.90 (m, 2H),
5.22 — 5.13 (m, 2H), 3.63 — 3.55 (m, 1H), 3.46 — 3.39 (M, 2H), 2.25 (s, 6H), 1.52 (d, J = 7.1
Hz, 12H).

13C NMR (126 MHz, Methylene Chloride-d2) § 197.2 (d, J = 58.0 Hz), 149.2 (d, J = 45.4
Hz), 133.7,131.2, 125.9, 125.1, 51.7, 42.5 (d, J = 55.4 Hz), 22.8, 8.7.

HRMS (DCI) m/z calcd for C1oH27N2OP (M)* : 330.1861, found : 330.1866.

7. Procedure for catalytic application of phosphines in Suzuki Cross-coupling reaction

A 20 mL schlenk tube was placed under argon atmosphere and was charged with
Pd2(dba)s (2 mol %), appropriate phosphine (2 mol %) and phenyl boronic acid (1.2 equiv.).
Then a solution of Cs2COs3 (3 equiv.) in toluene-ds (10T M) was added via syringe, followed
by the addition of chlorobenzene (1 equiv.). The resulting suspension was then heated at 90°C
for 12 hours. The yield (%) was calculated based on *H-NMR using t-BuOH as reference
standard (see S91).

8. Procedure for detection of HPCO

|
Ho N > PN < U
—2 3 P=C=0 +
S
+ HPCO N N
2i 1i
N
P. A
o=<P,>—o

Scheme 4. Formation of HPCO in presence of water.

To a Wilmad® quick pressure valve NMR tube 5 mm diam., 1i (20 mg, 0.045 mmol)
and 250 pL of methylene chloride-d> was added. The NMR tube was connected to argon and
cooled to -60°C, subsequently a solution of sodium phosphaethynolate [Na(OCP)](dioxane)2s
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(14 mg, 0.045 mmol) in tetrahydrofuran-ds (250 pL) was added slowly via syringe. Once the
temperature of mixture was stabilized, the NMR tube was quickly sealed with a cap and shaken
carefully at this temperature until homogeneous. The NMR tube was reconnected to argon and
argon-purged water (0.5 equiv., 0.023 mmol) was added. The NMR tube was kept at -60°C and
subjected to the spectrometer and recorded at this temperature. 3*P{H} and *H NMR obtained

in good agreement with literature (see S93-S94).”

9. Kinetic experiments

The kinetics of all investigated reactions were followed photometrically using
Conventional UV-Vis-Spectroscopy and Laser Flash Photolysis. The temperature of all
solutions was kept constant (20 + 0.2°C) during all kinetic studies by using a circulating bath
thermostat. At least tenfold excess of nucleophile was used in all reactions studied, so that
pseudo-first-order conditions were achieved.

The kinetic experiments were performed by mixing acetonitrile solutions of the
electrophiles with the minimum tetrahydrofuran solutions of [Na(OCP)](dioxane).s and
monitoring the decrease of absorbances at wavelength close to the absorption maxima of
electrophiles. The phosphaethynolate anion were always employed as major component (high
excess) in the reactions with the electrophiles resulting in first-order kinetics. First order rate
constants kobs (s1) were calculated by fitting the single exponential Ar = Ao exp(—Kobst) + C
(exponential decrease) to the observed time— dependent absorbance (averaged from at least 3
kinetic runs for each nucleophile concentration). The second-order rate constant (k2) were

obtained using the slopes of the linear plots of kons against the nucleophile concentration.

9.1. Conventional UV-Vis Spectroscopy
The rates of slow reaction (ty> > 15-20 s) were determined by using Agilent Cary 60

UV-Vis equipped by Agilent Torlon Fiber optic probe.

9.2.  Laser flash photolysis

Solutions of the precursor phosphonium salts with Azssnm ~ 0.5-1.0 (ca. 1 x 10 M) were
irradiated with a 7 ns pulse (266 nm, 30-40 mJ/pulse) from a quadrupled Nd/YAG laser using
a xenon short-arc lamp as probe light (Edinburgh LP980 Transient Absorption Spectrometer).
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9.3. Determination of the Rate Constants for the reactions of phosphaethynolate anion

with carbocations

Table 1. Kinetics of reactions of Na(OCP) with 1n in acetonitrile at 20°C (1 = 491 nm)

[1n] [NaOCP] [NaOCP] / [1n] Kobs
mol L mol L* (sh
1.22 x 10 3.52x10% 29 6.13 x 107
4.03x 103 33 8.88 x 107
453 x10° 37 1.15x 101
5.04 x 103 41 1.39 x 101
6.04 x 1073 50 1.66 x 10*

2.00E-01 [ k. =4.20E+01[NaOCP] - 8.03E-02

R? = 9.75E-01
I 1.60E-01 |-

_ 1.20E-01

o

T2 8.00E-02

~ é
4.00E-02 |
0.00E+00 : :

ko =4.20 x 10' L mol1s?

0.00E+00 2.00E-03 4.00E-03 6.00E-03 8.00E-03

[NaOCP] /mol L' — »
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Table 2. Kinetics of reactions of Na(OCP) with 1m in acetonitrile at 20°C (1 = 395 nm)

[1m] [NaOCP] [NaOCP] / [1m] Kobs

mol L* mol L* (sh
1.26 x 10 1.48 x 1073 12 9.90x 10
1.65 x 1073 13 3.57x10°
1.85x 1073 15 9.29x 10
2.47x10% 20 1.94 x 10
2.88x 103 23 3.22x 107

04 -
I 03 | Kobs=2.16E+02INaOCP] - 3.16E-01 b
R2 = 9.86E-01

02 L ko =2.16 x 102 L molts?

Kops ! 71

0.1 r

O 1 1 1
0.0013 0.0018 0.0023 0.0028

[NaOCP] /mol L' —
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Table 3. Kinetics of reactions of Na(OCP) with 1l in acetonitrile at 20°C (4 = 385 nm)

[11] [NaOCP] [NaOCP] / [11] Kobs
mol L* mol L* (sh
4.00 x 10° 5.00 x 10* 13 2.20 x 101
6.00 x 10 15 2.33x 107
8.00 x 10 20 3.06 x 101
3.60E-01 [
Kops = 2.98E+02[NaOCP] + 6.43E-02
3.00E-01 | R2 = 9.65E-01
5 a0E-01 | k2 =2.98 x 102 L mol s
"» 1.80E-01 [
%“ 1.20E-01 |
6.00E-02 |
0.00E+00 : . '

0.00E+00 3.00E-04 6.00E-04 9.00E-04
[NaOCP] /mol LT —»
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Table 4. Kinetics of reactions of Na(OCP) with 1k in acetonitrile at 20°C (4 = 480 nm)

[1K] [NaOCP] [NaOCP] / [1K] Kobs
mol L* mol L* (sh
3.00x 10° 557 x 10™ 19 7.68 x 10°
6.97 x 10 23 1.30 x 101
9.75x 10 33 1.44 x 10*
1.11 x 108 37 1.54 x 101

20.0 k. =1.42E+04[NaOCP] + 1.03E-01
R? = 9.85E-01

15.0 ko =1.42 x 10* L molls?

10.0

Kops /87—

50 r

00 1 1 1
0.00E+00 5.00E-04 1.00E-03 1.50E-03

[NaOCP] /mol L1 —»
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Table 5. Kinetics of reactions of Na(OCP) with 1j in acetonitrile at 20°C (1 = 635 nm)

©
® BFs

nBu
L pog O
ACN
hexc = 266 nm A =635nm

[j-P(MBU)BFs]  [NaOCP]  [NaOCP]/[Lj-P(BU):'BFs] ke

mol L* mol L* (st
3.07x10° 4.00 x 10* 13 6.06 x 10°
6.00 x 10 20 8.47 x 10°
8.00 x 10 26 1.22 x 10*
1.00 x 10 33 1.52 x 10*
1.20 x 10°® 39 2.04 x 10*
2.50E+04
K pe = 1.77E+07[NaOCP] - 1.69E+03
2.00E+04 | R? = 9.83E-01 ®
ko =1.77 x 10’ L mol-t st
_ 1.50E+04 |
n
\B 1.00E+04
-KD
5.00E+03 [
0.00E+00 . . .

0.00E+00 4.00E-04 8.00E-04 1.20E-03
[NaOCP] /mol L' — &
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Table 6. Kinetics of reactions of Na(OCP) with 1i in acetonitrile at 20°C (1 = 635 nm)

e
® BF4
P(nBu %F4
0 L O O e e
ACN
Lexc = 266 Nm A =635 nnm
[1i-P(nBu)s*BF4] [NaOCP] [NaOCP] / [1i-P(nBu)s*BF47] Kobs
mol L! mol L! (st
4.35x 10° 8.00 x 10* 18 2.00 x 10*
9.00 x 10* 21 2.85 x 10*
1.00 x 10’3 23 4.26 x 10*
1.20 x 10°® 28 6.23 x 10*
9.00E+04
* ko = 1.08 x 108 L mol* 52
K, = 1.08E+08[NaOCP] - 6.70E+04
T R2 = 9.95E-01
6.00E+04 [
F(I)
g 3.00E+04 |
0.00E+00 . . !
6.00E-04 9.00E-04 1.20E-03 1.50E-03

[NaOCP] / mol L' —
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Table 7. Kinetics of reactions of Na(OCP) with 1h in acetonitrile at 20°C (1 = 616 nm)

C)
@ BF4
P(nBu)s

Rexc = 266 nm Me  3=616 nm

[1h-P(nBu)s'BFs]  [NaOCP]  [NaOCP]/[1h-P(nBu)s'BF4] Kobs

mol L* mol L* (st
1.32 x 105 2.14 x 10* 16 1.44 x 10*
4.28 x 10 32 6.44 x 10*
5.35 x 10* 41 9.56 x 10*
6.42 x 10 48 1.11 x 10°
8.56 x 10 65 1.58 x 10°
2.00E+05
k,ps = 2.23E+08[NaOCP] - 3.07E+04
I 1.50E+05 + R2=9.94E-01
2 5.00E+04 |
0.00E+00 ' ' '

0.00E+00 3.00E-04 6.00E-04 9.00E-04
[NaOCP] / mol LT —»
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Table 8. Kinetics of reactions of Na(OCP) with 1d in acetonitrile at 20°C (1 = 620 nm)

)
® BF, o
P(nBu); BF4
b b Thon
Me Me hexc = 266 nm e A =620 nm
[1d -P(nBu)s"BF47] [NaOCP] [NaOCP] / [1d -P(nBu)s"BF47] Kobs
mol L* mol L* (sh
7.20 x 10° 4.56 x 10 6 1.13 x 10°
6.84 x 10 10 1.36 x 10°
9.12 x 10* 13 1.53 x 10°
1.14 x 10°3 16 1.88 x 10°
3.00E+06
I 2.60E+06 Kqpe = 2.18E+09[NaOCP] - 6.98E+05
2.20E+06 R? = 9.94E-01
%, 1.80E+06 | ko =2.18 x 10° L mol* s
\3 1.40E+06 |
~° 1.00E+06 |
6.00E+05 |
2.00E+05 | , , ,
-2.00E+05 L
0 0.0005 0.001 0.0015

[NaOCP] / mol L' —
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Table 9. Kinetics of reactions of Na(OCP) with 1c in acetonitrile at 20°C (4 = 620 nm)

S}
BF
@ 4 ©
P(nBu), BF4
CF3 CF3 CF3
) Na(OCP) Adduct
;exc = 266 nm Lexc = 620 nm

[1c-P(nBu)s*BF47] [NaOCP]  [NaOCP]/[1c-P(nBu)s*BF4] Kobs

mol L! mol L! (st
2.40x 10° 2.02 x 10* 9 6.28 x 10°
3.03x 10* 13 9.80 x 10°
4.04 x 10 17 1.14 x 106

1 6OE+06 L Kobs = 2.52Eérgs_a[|;la5c3>é:%]1+ 1.52E+05
T e ko =2.52 x10° L molts?
< 1.20E+06 |
w
—~ [ )
£8.00E+05 |
X
4.00E+05 |
0.00E+00 : : |

0.00E+00 2.00E-04 4.00E-04 6.00E-04
[NaOCP] /mol L't

S22



Table 10. Kinetics of reactions of Na(OCP) with 1n in acetonitrile in presence of 15-crown-5
at 20°C (1 =491 nm)

[1n] [NaOCP] [15-crown-5] [NaOCP] / [1n] Kobs
mol L1 mol L* mol L* (sh
1.92 x 10° 1.73x 103 1.04 x 107? 90 4.03 x 102
1.14 x 10°3 6.84 x 1073 59 1.93 x 1072
9.09 x 10* 5.45 x 10°° 47 6.70 x 10°°
6.82 x 10 4.09 x 10°® 35 7.30 x 10°®
6.00E-02
5.00E-02 | kg = 3.87E+01[NaOCP] - 2.64E-02
T R2=9.92E-01
4.00E-02 |
" ko =3.87 x 101 L moltst
~  3.00E-02 F
N
2.00E-02 |
1.00E-02 |
0.00E+00 ' '

4.00E-05

8.40E-04
NaOCP/mol LT —

1.64E-03

2.44E-03
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Table 11. Determination of the parameters N and sy for Na(OCP) in acetonitrile at 20°C.

ko
. log k2
Electrophile (L molts?) g
1n -17.18  4.20 x 10* 1,62
1m -16,38  2.16 x 102 2,33
11 -15,83  2.98 x 102 2,47
1k -13,56  1.42 x 10* 4,15
1j -10,04 1.77 x 107 7,25
i -9,45 1.08 x 108 8,03
1h -8,76 2.23 x 108 8,35
1d -5,89 2.18 x 10° 9,34
1c -3,85 2.52 x 10° 9,40
10 -+
g -
8 4
y = 0.815x + 15.505 .
R2 = 0.9958 7
6 - 'N
1 ®
4 -
3 o
2 -
1 -

-20 -15 -10

E —»

N =19.02
sn=0.82
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10. Computational details

The computational investigations started with a thorough conformational sampling of each
intermediate and transition state with Grimme’s extended tight-binding method (xTB) ®and the
meta-dynamics package Conformer Rotamer Ensemble Sampling Tool (CREST).® Default
parameters for THF solution were used together with the GFN-FF force field.!® For very
flexible molecules, the number of conformers was subsequently reduced to 30 representative
structures by means of a clustering analysis.

Those structures were then optimized using the M06-2X functional * in combination with
Grimme’s D3 correction (zero damping),'? the 6-31+G(d,p) basis set, and the SMD solvation
model for THF.2® The SuperFineGrid was used within the Gaussian program * for the
numerical integration of the density. Vibrational analysis verified that each structure was a
minimum or a transition state. Following the intrinsic reaction coordinates (IRC) confirmed
that all transition states connected the corresponding minima on the potential energy surface.
Thermal corrections were obtained from unscaled harmonic vibrational frequencies at the same
level of theory for a standard state of 1 mol L™! and 298.15 K. Entropic contributions to free
energies were obtained from partition functions evaluated with Grimme’s quasi-harmonic
approximation.t® This method employs the free-rotor approximation for all frequencies below
100 cm™!, the rigid-rotor-harmonic-oscillator approximation for all frequencies above 100
cm!, and a damping function to interpolate between the two expressions.

Accurate electronic energies were obtained for the optimized structures relying within the
ORCA program 6 on the DSD-PBEP86 double-hybrid functional,” Grimme’s D3 correction
with Becke-Johnson damping,’® the def2-QZVPP in combination with the corresponding
auxiliary basis sets,'® and the SMD solvation model for THF.

The final Cartesian coordinates and calculated energies for the most stable structures are

provided as an additional archive file.

Table 12. Control Calculations and Validation of the Computational Method

)

0‘-._ ‘_,P,\“-.

6T ey e u:cip\c::u

p'p‘h P‘!
R™ "R ROR
R = Me -36 kd mol
R =Ph 21 kI mol?
R =C/Hy —39 kJ mol

R = CH(CeHsNMep),  —42 kJ mol™
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=]

Oz Pz E P

¥ T . 0=c_ Jc=0
Me” Ps Me Me/@\Me
DLPNO-CCSD(T) 25 kJ mol?
DSD-BLYP ~32kJmol?
B2PLYP ~32 kJ mol?
B2GP-PLYP 34 kJ mol?
M06-2X ~17 kI mol?
B3LYP -32 kI mol?
oB97X-D3 ~43 kJ mol?
oB97X-V ~37 kI mol?
PW6B95 —38 kJ mol*
DSD-BLYP Gas +1 kJ mol?
DSD-BLYP Benzene —20 kJ mol*
DSD-BLYP THF ~32 kJ mol?
DSD-BLYP Water —49 kJ mol
DSD-BLYP Pentane  —16 kJ mol™?

11. Crystallographic data

Crystallographic data were collected at low temperature (193(2) K) on a Bruker APEX
Il Quazar diffractometer equipped with a 30 W air-cooled microfocus for 13a and on a Bruker
D8 VENTURE diffractometer equipped with a PHOTON Il detector for 10b and 12b, using
MoK, radiation (A = 0.71073 A). Phi and Omega scans were performed for data collection. An
empirical absorption correction was applied % and the structures were solved by intrinsic
phasing method (ShelXT) 2%, All non-hydrogen atoms were refined anisotropically by means
of least-squares procedures on F2 with ShelXL ?2. For 13a, the investigated crystal was twinned,
the twin law was identified with the program PLATON 2 and the HKLF5 file was used for

structure refinement. The domain fractions were refined to 0.74 and 0.26.
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Table 13. Crystal Data, Data Collection, and Structure Refinement for 10b, 13a and 12b.

ID

formula

M

crystal system

space group

a(A)

b (A)

c(A)

a ()

B

Y (®

V(A%

Z

peac (Mg M%)

H (mmt)

F(000)

crystal size (mmd)

T/IK

measd reflns

Unique reflns (Rint)
Data/restraints/parameters

GOF on F?

Re? [1>26(D)]

WR2° [all data]

ARy = ZHFol - |FcH/ z |F0|. b WR2 = [Z[ W(Fo2 - Fcz)z] > [W(FOZ)Z]]UZ.

10b

C19H27N20P
415.32
triclinic
P-1
10.8087(8)
11.2182(8)

11.3752(8)
61.101(2)
89.292(3)
66.734(2)

1081.66(14)
2
1.275
0.386
440
0.24 X 0.20 x 0.07

193(2)
22682
5322 (0.0325)
53220/ 241
1.115
0.0594
0.1698

13a

CasHas07P
728.78
triclinic
P-1
6.8013(13)
13.832(3)

20.961(4)

102.003(5)
99.318(6)
98.164(7)
1871.5(6)

2
1.293
0.126
772
0.12 x 0.12 X 0.02

193(2)
49470
49470 (0.1230)
49470/ 589 / 631
1.021
0.0970
0.2388

12b

C14H150P
230.23
monoclinic
C2/c
18.3122(8)
5.9341(2)

22.4465(11)

90
97.4662(18)
90
2418.50(18)

8
1.265
0.203
976
0.24x0.18 x 0.16

193(2)
37622
2960 (0.0286)
2960 / 222 / 204
1.133
0.0445
0.1009
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13. Copies of NMR Spectra and HRMS
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Figure 1. 3P NMR (121 MHz, Chloroform-d) of 11e
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Figure 2. 3P{H} NMR (121 MHz, Chloroform-d) of 11e
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Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Even Electron lons

2077 formula(e) evaluated with 11 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-10 O:0-10 P:0-2

FC43-CH4 GCT Premier CAB109

16-Dec-202113:27:31

202112116-VN1 28 (0.467) Cm (28:31-156:160x5.000) TOF MS Cl+
3.23e+004
100- 539.3286
o/o_
| 537.3143 540.3317
| 507.3506
541.3408
_ 505-3372jl r508.3537 519.5877 533.6015 547.6224  561.6373 567.?646 575.6521  581.3646
O R T A A T L A e S e S Y4
500.0 510.0 520.0 530.0 540.0 550.0 560.0 570.0 580.0
Minimum: =155
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
539.3286 539.3290 -0.4 -0.7 10.5 403.0 C33 H48 04 P
539.3282 0.4 0.7 -1.5 209.4 Cl7 H48 N8 09 P
539.3280 0.6 1.1 6.5 48.6 C27 H49 N4 03 P2
539.3292 -0.6 “lsd 2.8 44.3 C23 H47 N4 010
539.3274 i 2.2 15,5 6761 C35 H43 N2 03
539.3304 -1.8 -3.3 1555 539.9 C34 H44 N4 P
539.3267 1.9 3.5 1.5 28.3 C26 H53 07 P2
539.3306 -2.0 =3.7 7.5 27.8 C24 H43 N8 06
539.3265 220 B 3.9 3.5 67.8 Cl9 H43 N10 08
539.3263 243 4.3 11:5 17729 C29 H44 N6 02 P
539.:3312 —2:6 -4.8 =155 2752 Cl6 H49 N10 06 P2

Figure 5. HRMS (DCI) for 11e
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Figure 6. 3'P NMR (162 MHz, Methylene Chloride-d,) of 12a
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

77 formula(e) evaluated with 2 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 O:0-5 P:0-1

DCI-CH4 GCT Premier CAB109 25-0ct-202210:09:25
20221025-VN151-F5 27 (0.450) Cm (25:34-80:88x5.000) TOF MS Cl+
4.53e+003
100 503.2001
0/0_..
| 504.2036
i 505.2057 531.2309
o‘ 501.1816. l [,/ o 512.4470 517.2100 530.1800 i 933.2578 543.24105452452?47.2364 5/53.0231/
B B L L L I L B L B L L B L L L L L LS LA B ISR B IS eyl |14
500.0 505.0 510.0 515.0 520.0 525.0 530.0 535.0 540.0 545.0 550.0 555.0
Minimum: =15
Maximum: 1 MRS 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
502.1922 502.1933 =L -2.2 25.0 2690.0 C37 H26 02

502.1909 1.3 2.6 16.0 2776.0 C30 H31 05 P

Figure 10. HRMS (DCI) for 12a
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Figure 12. 3'P{H} NMR (162 MHz, Methylene Chloride-d) of 13a
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Figure 15. HRMS (DCI) for 13a
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Single Mass Analysis
Tolerance =5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

18 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 O:0-5 P:1-1

DCI-CH4 GCT Premier CAB109 02-Mar-202215:28:44
20220302-VN46-F2 5 (0.083) Cm (1:5-60:63x5.000) TOF MS Cl+
8.43e+003
100 231.0944
-
] 232.0972
| 230.0852 | [ 259.1252
0., 2252686 ||| 234.1154 2451128  253.2811 = 271.1225  279.1584281 3063 2053245 2992799
00 0 U SR R L [NLTEL LN W LR 20 (LR A UL R ¥ W R R L) LI A B I | L5 CE B L L O IR
220.0 230.0 240.0 250.0 260.0 270.0 280.0 290.0 300.0
Minimum: =15
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
231.0944 231.0939 0:05 2.2 75 211.4 Cl4 H16 O P

Figure 20. HRMS (DCI) for 12b
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Figure 21. 3'P{H} NMR (162 MHz, Methylene Chloride-d,) of 13b
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Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0

Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons
23 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:0-100 H:0-100 O:0-5 P:1-1

DCI-CH4 GCT Premier CAB109
20220302-VN46-F1- 21 (0.350) Cm (18:28-66:70x5.000)
— 321.1394
O/o_
] 322.1424
320.1308 323.1518 -
1 \ 324.1544 335.1400 537 1426 342.2743 349.1776 351.1897 3611537 3639825

0—?*r‘v*v‘|—| T -

T LS L L L L e

L B T
315.0 320.0 325.0 330.0 335.0 340.0 345.0 350.0 355.0 360.0 365.0

Minimum: =] o5

Maximum: 1.4 5:0 80.0

Mass Calc. Mass mDa PPM DBE i=FIT Formula
321.1394 321.1408 -1.4 -4.4 11.5 115.4 C21 H22 O P

Figure 25. HRMS (DCI) for 13b

02-Mar-202215:16:58
TOF MS Cl+
2.94e+003

371.3225
T m/z
370.0 375.0
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Figure 28. °F NMR (471 MHz, Methylene Chloride-d,) of 12¢

S56



€0'Ey
G8'E
S8'EY
98¢
hm.md_

88'C
638'E
06°€+
06'c§
26'c]
26'E]
mm.mu
G6'E

bL'9)
¥L'9

G/'9
AR
9/'9}
9/'9’
9L'9
119"
LL'9

8.9
r4VA

rasi
€1/
P12
TalA
9z'L

L2l
LT
59/
99'/]
99'/!

"

—ae

Fo0'eT

10°'8
90’1
L0'T

I st'g
v 96'E
" 00d
F 640

9.0

10.0

7.0 6.0 5.0

8.0

11.0

12.0

f1 (ppm)

Figure 29. *H NMR (500 MHz, Methylene Chloride-dz) of 12¢

S57



cﬁ.om;
m¢dmi
15'6E
T9'8t1
80'6Y

90'#S
P1'¥S
E3t 4

Ob'b5
85'bS
99'b5
b8'H5 ]
26'b5’

ETETT

bbETT

L1221

18221

z0'szT

90'SZT
z2'9TT

92'921

€2 /21

97211

R.R::

1€'421

Zs'6211

95'6211

50'0€T

0T'0€T
£9'0€T
69'0€T

€2'8bT
bE'8bT

GE'8bT

——T

T

260 240 220 200 180 160 140 120 100 80

80

f1 (ppm)
Figure 30. JMOD *C NMR (126 MHz, Methylene Chloride-d,) of 12¢

S58



Single Mass Analysis
Tolerance =5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons
240 formula(e) evaluated with 2 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0O:0-5 F:12-12 P:1-1

DCI/CH4 GCT Premier CAB109 02-Jun-202315:27:10
20230602-VN02-180 F3 30 (0.500) Cm (24:30-65:71x5.000) TOF MS Cl+
2.29e+004
100 827.2770
of .
% §28.2806
1 825.2628 829.2862
h e 855.3143
. 821.2939 839.2855 841.?977 §43.2831 853.2482 l 957.3174 §61.2755 867.3320 969,2;}29
e it e L a2 T e 2t B i LA A B 2 B A B
820.0 825.0 830.0 835.0 840.0 845.0 850.0 855.0 860.0 865.0 870.0
Minimum: ~1.:5
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE 1i=FIT Formula
826.2702 826.2683 19 23 155 4959.5 C40 H41 N 02 F12 P
826.2670 3.2 3.9 16.0 5241.5 C38 H39 N4 O Fl2 P

Figure 31. HRMS (DCI) for 12c
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Figure 32. 3'P{H} NMR (202 MHz, Methylene Chloride-d,) of 12f
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Figure 33. 3'P NMR (202 MHz, Methylene Chloride-d,) of 12f
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Figure 35. IMOD *C NMR (126 MHz, Methylene Chloride-d,) of 12f
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Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

282 formula(e) evaluated with 3 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0O:0-5 P:1-1

DCI/CH4 GCT Premier CAB109

09-Jun-202315:50:14

20230609-VN02-189 28 (0.467) Cm (27:28-41:43x5.000) TOF MS Cl+
1.00e+002
- 659.3950
100_ 658.3808
~,
E 657.3723
% | h 660.4025
663.4597
L L B L B L L L B L B S L BN T Mz
645.0 650.0 655.0 660.0 665.0 670.0 675.0 680.0 685.0
Minimum: -1.5
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
658.3808 658.3814 -0.6 -0.9 19.5 22.1 c44 H53 N 02 P
658.3801 0.7 1.1 20.0 23.3 c42 H51 N4 O P
658.3787 2.1 3.2 15.0 24.8 c41 H55 05 P

Figure 36. HRMS (DCI) for 12f
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Figure 38. 3'P NMR (162 MHz, Methylene Chloride-d,) of 12g
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Single Mass Analysis

Tolerance =5.0 PPM / DBE: min =-1.5, max = 80.0

Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons
282 formula(e) evaluated with 3 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:0-100 H:0-100 N:0-5 0:0-5 P:1-1

DCI/CH4
20230602-VN02-182 F2 27 (0.450) Cm (26:28-46:48x5.000)
100+ 658.3774
J 659.3835
% 657.370;3
] 660.3903
: 647.4227 656.353§ 662.4471 6/364.4686
0, . I
650.0 655.0 660.0 665.0
Minimum:
Maximum: 1.4 5.0
Mass Calc. Mass mDa PPM
658.3774 658.3801 -2.7 -4.1
658.3787 -1.3 -2.0
658.3774 0.0 0.0

GCT Premier CAB109
673.3553675-3829
670.0 680.0

-1.5
80.0
DBE i-FIT
20.0 219.7
15.0 252.3
15.5 283.4

02-Jun-202315:17:15
TOF MS Cl+
4.01e+003

085.3448687.4151 6925154 699.5220 701.3453

685.0 690.0 695.0 700.0 705.0

/z

Formula

C42 HS51 N4 O P
C41 HS5 O5 P
C39 HS53 N3 04 P

Figure 41. HRMS (DCI) for 129
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Figure 42. 3'P NMR (243 MHz, Methylene Chloride-d,) of 12i
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Figure 43. 3'P{H} NMR (243 MHz, Methylene Chloride-dy) of 12i
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Figure 44. 'H NMR (600 MHz, Methylene Chloride-d,) of 12i
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Single Mass Analysis
Tolerance =5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

306 formula(e) evaluated with 3 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0O:0-5 P:1-1

DCI/CH4 GCT Premier CAB109 07-Jun-202311:58:30
20230607-VN02-183 29 (0.483) Cm (28:29-7:9x5.000) TOF MS Cl+
2.03e+004

100+ 762.4393

] 761.4308 763.4431

%ot ]
1 764.4481
: 7495854 7604232 7654516
775.3992 777.4274 789.4594 791.4824 793 4586 801 3905 806 4461.808.3644

o—nrr[ur‘n[vvvvlr T rvwrluwr]w Terwvr]vnyrvrn[vwvw]*nvjvrvrlvvrvlvvlr“rrrTyrfvlrvvv] LB B e T 'vvr[vvvarvnm/Z

750.0 755.0 760.0 765.0 770.0 775.0 780.0 785.0 790.0 795.0 800 0 805 0 810.0

Minimum: o

Maximum: 1.4 5.0 80.0

Mass Calc. Mass mDa PPM DBE i-FIT Formula

762.4393 762.4427 -3.4 -4.5 24.0 43.4 C50 H59 N4 O P
762.4413 =2.0 -2.6 19.0 60.6 C49 H63 05 P
762.4400 -0.7 -0.9 19.5 96.2 C47 H61 N3 04 P

Figure 46. HRMS (DCI) for 12i
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Figure 47. 3'P{H} NMR (202 MHz, Methylene Chloride-d) of 12j
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Figure 48. 3'P NMR (202 MHz, Methylene Chloride-d,) of 12j
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Figure 49. 'H NMR (300 MHz, Methylene Chloride-dz) of 12j
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Figure 50. IMOD *C NMR (126 MHz, Methylene Chloride-d>) of 12j
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Single Mass Analysis
Tolerance =5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

300 formula(e) evaluated with 4 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0O:0-5 P:1-1

DCI/CH4 GCT Premier CAB109

09-Jun-202315:37:29

20230609-VN02-187 28 (0.467) Cm (27:28-86:87x5.000) TOF MS Cl+
5.17+003
100= 706.3788
] 707.3854
1 705.3736
%1 N
1 708.3900
1 704.3627 /
1 \ 709.3878
0.l 689.5110691.4630  702.3525 ( 720.3649 733.3857735.4222  742.3543744.3434 -~
e L e e e T
690.0 700.0 710.0 720.0 730.0 740.0 750.0 760.0
Minimum: =35
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
706.3788  706.3787 O 0.1 19.0 106.8 C45 H55 05 P
706.3801 -1.3 -1.8 24.0 84.3 C46 H51 N4 O P
706.3774 1.4 2.0 19.5 130.6 C43 H53 N3 04 P
706.3814 -2.6 -3.7 23.5 65.6 C48 H53 N 02 P

Figure 51. HRMS (DCI) for 12j
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Figure 52. 3'P{H} NMR (162 MHz, THF-ds and CD,Cl,) at -60°C of 2e
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Figure 53. 'H NMR (400 MHz, THF-ds and CD,Cl,) at -60°C of 2e
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Figure 54. IMOD °C NMR (101 MHz, THF-ds and CD-Cl.) at -60°C of 2e
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Figure 55. COSY NMR Selective 1D 3P — 3P decoupled (101 MHz, THF-ds and CD,Cl.) at -60°C of 2e
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Figure 56. 3IP{H} NMR (162 MHz, THF-ds and CD,Cl,) at -20°C of 3e
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Figure 57. Stacked *!P{H} NMR (162 MHz, THF-ds and CD-Cl) at -60°C of 2e, 2i and 2b
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Figure 58. 3'P{H} NMR (202 MHz, Methylene Chloride-d,) of 10b
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Figure 59. 3P NMR (202 MHz, Methylene Chloride-d,) of 10b
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Figure 60. 'H NMR (300 MHz, Methylene Chloride-d,) of 10b
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Figure 61. 1*C NMR (126 MHz, Methylene Chloride-dz) of 10b
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

285 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0:0-5 P:0-1

DCI-CH4 GCT Premier CAB109
20240703-VN103 22 (0.367) Cm (19:26-98:105x5.000) TOF MS Cl+
7.04e+003
100 330.1866
0/0_
] 331.1944
%
T ’332.2046
1 _ L I 433.1559 491.9907 506.5320 °79973¢ 6029338
O rrespp iyt megeeppep b st sl g e e e e e e e e
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600
Minimum: -1.5
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
330.1866  330.1861 0.5 1.6 11.5 114.5 cl19 H27 N2 O P

Figure 62. HRMS (DCI) for 10b
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Figure 63. NMR studies of reaction between chlorobenzene and phenylboronic acid using systeme catalytic [Pd]/Phosphine 2 mol %
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Figure 64. Comparison of **P[*H] NMR of experiment in presence of D,O (bottom) and without D20 (top)
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Figure 65. 'H NMR (400 MHz, THF-ds and CD-Cl,) at -60°C of 2i, 3i and dimer of HPCO

S93



© © < < - o
<4 N @ © 0 N <+ ® o @
~ M~ O w ~ N~ o @Q N o
™ o =g=! - - 16 60 o o
M ® @ ® - - NN NN
~ ~ N~ ~ N
2i
2i
H
o ;
H
o=<P/ ° o=<P,>—o'
P
3i
390 370 350 330 310 290 270 250 230 210 190 170 150 130 110 90 70 50 30 10

f1 (ppm)
Figure 66. 3'P{H} NMR (162 MHz, THF-ds and CDCl) at -60°C of 2i, 3i and dimer of HPCO
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